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1. FOREWORD.

The objective of this study is to .transplant some
new understanding of friction phenomena into the science of explosives
initiation and safety, and to suggest fruitful new research programs
which will go beyond the empirical and enhance basic understanding.
It is essentially a planning study.

Mechanical engineers have been studying friction since the
fourteenth century, and they have gained a degree of competence in
dealing with it by lubrication and by modification of surfaces. Their
actual understanding of friction is still fragmentary; but some of the
mechanical and lubrication art can be applied to the problems of
explosives, and this report gives an introduction to that art.

The art selected for presentation is the generation of heat
and hot-spots by mechanical friction. In recent years, a number of
investigators have addressed themselves to quantitative, mathematical
models of this phenomenon in metals; and it appears feasible to adapt

their treatments to explosives. Successful adaptation would lead to
a quantitative understanding of frictional initiation and to a
concomitant delimitation of what can and cannot be done about it. This
report includes a suggested Research Plan to do that.

This study has searched the general literature on lubrication
and micromechanics through the year 1970, and has included personal
consultation with selected authorities in the fields of friction and
lubrication. So much material was found that it was necessary continually
to narrow the scope of this review in order to preserve adequate depth
in the selected topic; the literature is enormous, and one could literally
spend a career studying it and adapting it to explosives. Future workers

wishing to range wider than the scope of this report will find an excellent
starting point in the general references cited.

This report is the product of Picatinny Arsenal Contract
DAAA21-69-C-0558, carried out by the author on a non-profit, spare-
time basis. The courtesy of Esso Research and Engineering Company
in approving this outside activity by a full-time employee and in
providing library access is gratefully acknowledged, as is the
invaluable counsel of the author's colleague, Mr. Alan Beerbower.
The contract was sponsored by the Explosives Laboratory and
monitored by Dr. Joseph Hershkowitz end Dr. Bernard Pollock
of the Applied Physics Branch thereof.

JOHN A. BROWN
Principal Investigator
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12. SUMMARY

IThis study introduces the knowledge of asperity and

flash temperature statistics which has been contributed by the

engineering and lubrication fields and gives an anthology of primary

and summary jources to support a sound theoretical investigation
of its application to the explosivesfield. It outlines a Research
Plan to derive -an integrated mathematical model of frictional ignition

jand to test its validity with empirical data. It suggests how a
valiacmted model will lead to better safety data and to better and
safer explosives handling techniques.

S:Solids do. not contact each other over their entire touching
-i surfaces, as they appear to do, but rather only on the tips of the

higher surface asperities. The total area of real contact is such a
siall percentage of the total surface area that the touching asperities
are loaded to their yield point and deform until their aggregate cross
section is just adequate to support the load.

Most of the surface is not even touching; but the tiny areas
which do touch - the junctions - are in such intimate contact that
van der Waals, electrostatic or even interatomic bonds form and lead to
strong adhesions. When one solid body is forced to slide over another,
the adhesions are forcibly sheared; and the work required to shear them
is the major component of the frictional resistance.

The heat generated between two sliding bodies, which is equal
to the work expended in making them slide, necessarily appears in and
only in the junctions; and since the total area of the junctions is
quite small, the resulting temperatures can be quite high - hundreds
or even thousinds of degrees. If one knew the size of each junction
and the fraction of the total frictional power it consumed, one could
readily calculate the resulting temperature in that particular hot-spot.

The siz of individual junctions iz usually not known; but
the average size can be estimated, and the distribution of sizes
appears to be Gaussian or nearly so in a broad range of cases, so that
at least a statiateaZ d'eoription of the flash tetpcraturea on the
asperity tips can be derived. This function, coupled with published
models of the growth of hot-spots to explosion, offers a way to
calculate the probability of ignit!on of a given explosive in a given
frictional situation, entirely from first principles. ('omparison with

I empirical data will then serve to test the validity of the audel.

A number of alternate models can be postulated, involving
different assumption# as to physical mechanisms of heat generation

and as to what surfaces are and are not critical; and there is a
A4bo l'atoy iction *euitiVity teeter either existing or suggested

I for each. Calculation of ignition probabilities as above offers a
3 new and powerful way to test the validity both of the assumptions and

of the testers, and thuw to gain a deeper understanding of tno entire
frictional initiation process.
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3. THE NATURE OF MECHANICAL FRICTION

The classical concepts of friction coupled with modern

concepts of the nature of solid-solid contact open up a new approach

to ur.derstanding the basic nature of the frictional initiation of

explosives.

ITHE CLASSICAL UNDERSTANDING OF FRICTION
Friction is the resistance to motion which exists in varying

* degree whnever one solid object is caused to slide over the surface of

another one. It is a universal attribute of matter, and its application
has its roots in prehistory. The use of sleds, rollers and wheels, often
supplemented by liquid lubricants, dates back more than 3000 years;

I although the scientific study of frictional phenomena is much more recent.

Leonardo Da Vinci was probably the first purposeful observer
of friction phenomena. He noted that the friction of two sliding bodiesI is independent of their contacting areas and that the total frictional
force is proportional to the normal load between the contacting surfaces
(113). These two princirles, still valid today, are usually called
"Amontons' Laws", after the French scientist Amontons who rediscovered

Ithem in 1699 (114). (There are limits to their validity, but mainly they
are true.)

Sa t Amontons (114), Coulomb (115) and Euler (116) further quantified
the studies of friction; and by 1785 most of today's general understanding
was established. These scientists hypothesized that friction is due toI the interlocking of mechanical protuberances or asperities on the surfaces
of the contacting material like two pieces of sandpaper face to face.
This "Roughness Hypothesis" explained Amontons' laws and remained the
majority view right through the nineteenth century and into the twentieth.

Beginning about 1920, however, interest began to revive in the
"Adhesion Hypothesis" as growing precision in measurement revealed more
and more weaknesses in the Roughness Hypothesis. "Adhesion" hypothesizes
that actual "welding" occurs wherever two surfaces touch and that the
frictional resistance to sliding is the force required to break the welds.
Interestingly enough, Adhesion had been considered by the original workers
and rejected because they could not reconcile it with the observed fact
that the frictional force was independent of the contacting area.

IToday, it is almost universally accepted that frictional force
is due to a combination of the two effects: "Adhesion plus Plastic
Deformation", wherein only a few of the higher asperities of each surface
actually contact a few asperities of the other surface. As the normal
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load is increased, the Ihigh asperities are squashed down so that the

next smaller asperities begin to contact each other; and this process

continuc until there is enough contact area to support the load. This

actuaZ area of contact is very much smaller than the apparent area of

contact (the gross size of the object's face); in fact, it has nothing

to do with the size of the face, which neatly explains why the frictional

force has nothing to do with the size of the face but is proportional to

the normal load.

As the asperities contact one another, they adhere; and the

nature of the adhesion varies widely. Objects of like composition can

often form actual welds or interatomic crystal. bonds, but there are

smaller adhesive forces which act between any two materials. Bowden 2 )

describes them as Coulombic and Van der Waals. Closer than about 20 A, *

the force is mainly coulombic and is relatively strong. Beyond about 20 A,

the force is mainly Van der Waals and is weaker but longer range.

Ehctvostatlc (Ciukmb)

obout 202
(2)

we WWh

Ir wma betwom wUI bo" w a tmA" Of G@lws"mslllb al, fr lmt mat u ---------------------

,lgolva. T tot; fepmat ,u eatr th gOan aout~ k bo AW off..' tow &

bs aely doWoovble Itome will be Ub0 Mevtivly weak voa do. Wash fetu.

It can therefore be seen that forced sliding requires the

rupture of asperity adhesions and that there will indeed be some asperity

interlocking Just as Amontons had thought. Quantitatively it turns out

that most of the observed frictional force is due to adhesion, and only

a small amount of it is due to asperity interlocking or deformation.
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I A complication resides in the fact that adhesion is usually
greatly inhibited by the presence of an interfering film of something
such as a surface oxide, or moisture, or a foreign material, or even
adsorbed air. Indeed, were it not for these interfering films, things
could scarcely be slid at all. Atomically-clean metals placed in contact
in a good vacuum adhere so strongly that they sieze and are permanently
welded. So do bearings which are run under such heavy loads that the
protective films are stripped off. Almost everything in familiar
experience is protected by some kind of film, so that the observed
adhesion is very much less than welding - it is usually more akin to
Van der Waals forces than to interatomic bonding - nevertheless, adhesion
still dominates over interlocking of asperities.

ILubrication, of course, is simply the deliberate interposition
of an interfering film of oil or some other liquid. The resulting
reduction in friction owes something to reduced interlocking of asperities,
since the oil takes up some space; but it is mainly due to reducedI
adhesion, particularly in slowly-moving or essentially stationary systems.

The most useful quantitative concept is that of the cof 'iient
of friction, the proportionality constant between the frictional force
required to slide a given object and the normal load:

j F-fl

The coefficient of friction is a property of the particular materials
involved but not of the physical size of the system. It says, for example,
that the same force is required to slide a brick across a table regardless
of whether the brick is lying flat, resting on one edge or standing on
end. It takes twice as much force to slide a stack of two bricks and ten
times as much force to slide a stack of ten bricks. It takes the same
force to slide two stacks of five bricks each as to slide one stack of ten

bricks. The coefficient as, in principle, a true constant and is
independent of either the load or the contacting surface area. Thus, large
and small objects have the same coefficients of friction.

I
I
I
I
I
I
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It is frequently stated that the coefficient of friction is
also independent of the sliding velocity, but this is only approximately
true. It is well known that the friction force required to start sliding
is usually greater than the force required to maintain sliding, and

this has given rise to the notion that the-s are two coefficients of
friction - static (for surfaces at rest) and kinetic (for surfaces in
motion). These are normally showr separately in tables of friction
coefficients. Recent work has shown that this is a gross oversimplification
( 1 ). The static coefficient is a function of the time of contact, and
it increases as the contacting asperities slowly yield and the real area
of contact increases. The kinetic coefficient varies with sliding velocity,
but only slightly, usually by Just a few percent as the sliding speed is
raised by a factor of ten. For most practical purposes of interest here,
the kinetic friction coefficient may be considered to be a constant
independent of the sliding velocity.

To a good approximation, the friction coefficient is independent
of the roughness of the sliding surfaces - at least it is in the roughness
range normally encountered in engineering practice. Very smooth surfaces
give abnormally high friction coefficients because the area of real contact
is abnormally high. Very rough surfaces give abnormally high coefficients
because asperity interlocking becomes excessive. But in the roughness
range in which we actually find most surfaces, the friction coefficient is
at a minimum and almost independent of roughness.

1

0 W# itsb

cw01

to t0 o 1* 100
an - -R - (1)

Another exception occure when a rough hard body slides o- a much softer
one. Here the asperities of the rough surface dig into tte softer

material and the ordinary "friction" is aupented by gougln and plowing.
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All elementary texts on friction point out that the coefficient
of friction of a given material is approximately equal to the ratio of
thu material's shear strength and penetration hardness

f - s/p

because the sliding process involves the shearing of adhesions which
are limited in size by the hardness of the material (1,2). This says
that friction can be reduced by decreasing the shear strength of the
interface, and of course one of the effects of lubrication is to interpose
a low shear strength interface between two relatively hard materials.
It also says that, if one has two different materials sliding on one
another; it is only the strength and/or hardness of the softer of the two
which matters.

The s/p relationship is neither exact nor fundamental. It is
vitiated by involving assumptions which are only approximately true and

by ignoring effects such as surface energy and asperity interlocking
whi!h become important just when ones gets into unusual regimes and
needs theoretical guidance the most. Moreover, s and p are not really
independent quantities; they are very similar quantities which depend in
almost the same way upon such factors as bond strength, nature of
dislocations, etc., so that one goes up with the other and the ratio is
quite similar for a wide range of materials. For example, lead and low
carbon steel vary by nearly a factor of 100 in shear strength and
penetration hardness, but f is nearly the same for steel (1.0) as for
lead (1.2). This point is shown graphically by the following figure
which plots penetration hardness vs. yield stress for pure metals ( 1 )•

m%t-
Im

I - -

ji 3 X Oa m

§ •-

(1)

I



Coefficients of friction do not vary as g.eatly from material
to material as might be expected. Most common metals exhibit coefficients
of 0.1 - 0.3 when tested as one normally sees them. Most non-metals
run slightly higher at 0.3 - 0.4. Wood-on-steel iL about 0.5, as is
wood-on-stone, iron-on-stone and leather-on-iron. Most solid explosives
run about 0.6 - i.I. Carefully cleaned metals run about 0.7 to 1.3 in
air. This is not a large range of variation; many physical properties
vary by orders of magnitude from material to material.

Wider variations are known. Teflon, for example, is anomalously
low at 0.04 due to its exceptionally low surface energy; and freshly-
prepared copper surfaces in high-vacuum can run from 5 tc 200 due to
cold welding on contact. Nevertheless, these cases are wildly exceptional;
and the fact remains that most materials have about the same coefficients
of friction - about 0.5.

To some extent, the striking uniformity of coefficients of
friction is due to the fact that most materials are handled and tested in
air, and rather contaminated air at that. The visible "surface" of a bar
of iron, for example, is not iron at all; it is iron oxide, covered with
a layer of adsorbed moisture and atmospheric gases and most likely a layer
of oily materials from adjacent machinery and/or human beings. Non-metals
may lack the oxide layer (many of them are oxides themselves); but they
will have the moisture, gassy and oily layers. Consequently, the interface
is the same, or nearly the same, in most cases; and one should expect the

friction to be similar even on dissimilar materials.

For most ordinary materials of experience - probably including
explosives - most of the frictional force is due to adhesion. The
"roughness component" is small, approyimately 0.05 in an overall coefficient
of 0.5. Other conceivable effects, such as plowing and electrostatic
attraction, are usually negligible.

It should be noted for the record that there are important
difficulties with the adhesion explanation of friction; and most modern
workers feel that while it is essentially correct, it is also a gross

oversimplifirntion of the friction process. Nevertheless, it serves so
will for all but the most exacting purposes that most workers in the friction
field would rather amend it than abandon it.

The foragoing discussion is intentionally simplified to serve
as a firat fntroduction' for personnel who are scientifically trained but

unfamiliar with this field. Those who wish to delve dee per will find

excellent r'sourcee listed in the general bibliography. The books by

Rabinowicz ( I ) and Bowden and Tabor (2,3) are particularly recommended,
as is the .!ASA publication rnterdieoipZinay Approach to Friction and
Wear ( 4 ). Other, vrre specIfic, references will be found in the

specific citatiuns.

I
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THE NATURE OF SOLID-SOLID CONTACT

To the human eye, it appears that two flat surfaces placed
in contact actually touch each other over their entire areas; but this
is far from the truth. Visually smooth surfaces, even optically polished
ones, are quite rough on a microscopic scale. General workshop surfaces
or. metals, for example, have asperities on the order of 15 microns high;

and even the smoothest metallic surfaces have asperities 100 - 1000
Angstroms high. If such a surface were slowly lowered onto one which was
truly flat on the atomic scale, it would first make contact only on the
peaks of the highest asperities, and the remainder of the surface would
not be in contact at all.

11\ ___\______ .\'._\_ ,_,.\_\A

If the material were ideally rigid, only point contact would
be made on only the three highest asperities, and the upper object would
be supported on a tripod; bit in actuality, the asperities are so small
that the weight of the object far exceeds the yield strength of the
material, and the asperities squash down and permit other, lower asperities
to contact also. These in turn squash down and permit still more contacts
until finally there is enough total area of contact to support the load
without further yielding.

The total area of real contact is only a small percentage of
the total area of the surface; most of the surface is not touching at all
and never will touch, even if the load is increased enormously. The total
area of contact is approximately equal to the normal load L divided by
the penetration hardness p of the material:

A -L/p

As an example, consider a smooth, 100-gram cube of copper resting on a
smooth steel plate.. The load is 0.1 Kg, a2d the penetration hardness of
coper (the softer material) is 6000 Kg/Cm . This gives A * 1.67 X 10 "5

Cm , compared to a total area of the cube face of 5.0 Cm



iI
Actual cases, of course, are not as simple as pictured

above. The formula Ar  L/p is for purely plastic deformation, and
is an approximation anyway. Real asperities no doubt deform elactically
over part of their travel, and elastic deformation is described by
the more complex Hertzian equations (117), of which

A [3LR 2/3

r [2E'J

Where:

A - Real area of contact
Lr = The normal load
R - The relative radius of curvature of

the two surfaces
E' - E/(l-v)2

E - Young's modulus
v - Poisson's ratio

is a simplified example. Also, in real cases, both surfaces are rough,
and the contact pattern is much more complex as asperities contact other
asperities on their shoulders or even in the opposing valleys.

Nevertheless, the totaZ area of real oontaot must remain that given
by the appropriate deformation equation, since it is a function only
of the load and the strength of the material, not its shape. The total
area of real contact is distributed among all the asperity junctions.
The individual contacts will range all the way from some Just barely touching
to others widely squashed out, and the resulting Junction sizes will
range all the way from mere points up to a circle proportional to the
size of the largest and highest asperity.
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It must not be thought that asperities are anything like as
high and jagged as the sketches above would suggest. The vertical
scale of the sketches is greatly exaggerated for clarity. Actual
asperities tend to be low and broad, with contact points widely
spaced. Early metallographic studies of metal surfaces showed that

solid metal surfaces have asperities which are typically 10 to 300 pin.
high; that their slopes are shallow, so that their bases can be 50 to
3000 pin. across; and that individual contact areas are about 100 to
1000 pin. wide. The following electron micrographs of a gold surface
show dome-like asperities. The largest are roughly 400 pin. across and
50 pin. high; the smallest are less than 20 pin. across and 5 pin. high.
These data are from Williamson ( 4 ); other authors have reported similar
findings on a wide variety of materials.

II

Fioute 1-leetron uMlvogph of

ilated gold surface. (a) General
vlew at X 4000. (b) A sngle con*
tact aea 15MO. (4)

One would like to know the size of each individual Junction
and the number of junctions of each particular size, and much effort hasII gone into Studying these parameters in real systems. People have presed
opaque solids against glass plates and observed the junctions through
the glass ( 3 ), and other people have prepared contour maps from electron

micrographs of aluminum surfaces ( 4 ); but the most promising technique

for our purposes appears to be statistical.

I
II
ii
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Greenwood and Williamson have shown ( 8 ) that a wide
variety of surfaces have asperity height distributions which are
very nearly Gaussian, and that even in surfaces Tjinch are strongly
non-Gaussian as a whole, the upper 50% usually is accurately Gaussian.
For example, they report the following data for bead-blasted
aluminum ( 8 ):

ILI

/ /

'..di:/

N E W 1 ,* I I i W
I' L NI I I I I

VH 4.-OumuIatIve heght dulbutim of bad
blatted aluminum. Both the diatuibsuat 1Al
beighta (Z) and at peek beig.ta (0) at* Gent.
da& 2TW Proft a t the nine aurface is &hown
I the upper diagnram; the vertkal mInieatiom
I 0 Unm the boriuoatal maalfiad f '4)

and the data on the following page for abraded steel ( 8 ):
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I
II10

Iso
.000I

m ° ~ .n

I= L-Oumfulativ heliht distrbution of sail
s9Wo speebmem. Dlmtribution of alU higtat X.

at'b"t"'" of Witks, 0. fthi ipelmen Wa
abnded on0 Mg ade curboreadums lager, tOh
ld against a copper block fooded with ole ad.d

at appsouimatetY 10 kg, 130 cm/ for 30s. Al-
though the distribution at Ant sight appears
highly non-ausalnu, In fact nearly 90 percent of
the surface Is Gaussian: the surface, with an
acual standari d,,viallun of W its., would be-
have in contact as it Gausaian with a standard
deviation of halt thit. The profile of the same
surfare In usown In the upper diagram; the vert-
cal magtnlfaton Is 2W tiuca We borizontalmll~lauou. ( 4 )

Williamson also argues that most surfaces indeed ought to
be Gaussian because of the statistical principle that any quantity
which is the result of a large number of random increments and
decrements will tend to follov a Gaussian distribution (the Central
Limit Theorum of statistical theory) ( 4 ). Most engineering surfaces
are indeed the end result of a large number of independent deforming
processes (grinding, machining, sandblasting, polishing, etc.); and
many other surfaces are made by such processes as casting against
engineering surfaces or processing in equipment made from materials
having engineering surfaces. Moreover. the Central Limit Theorum
argues that in almost oV attempt, human or natural, to produce
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uniformity, the residual errors will be Gaussian provided the attempt
is good enough to exclude systematic or periodic errors. And Williamson's
findings seem to say that even systemacic errors leave a Gaussian
distribution in the higher asperities, which are the ones that
participate in solid-solid contacts.

So it seems likely that we can arrive at a useful statistical
description of asperity and junction sizes even if we cannot determine
the sizes of individual junctions during the sliding process. Inasmuch
as the frictional initiation of explosives is itself a statistical
phenomenon, a statistical description of the junctions may well be
quite good enough.

A number of investigators have attacked the problem of
deducing the statistics of junction sizes from statistical descriptions
of asperity heights. Greenwood, for example, has shown ( 9 ) that
the average junction size does not change with the applied load if
the asperity size distribution follows any kind of exponential law.
The original junctions grow, of course; but new, tiny ones form at
just the rate needed to keep the average constant and the distribution
essentially normal. Tabor has pointed out in a comment on Greenwood's
paper ( 9 ) that Gaussian distributions, which as we have seen we
expect to find on real surfaces, are close enough approximations to
exponential distributions to mak. the arguements valid for them as well.

We already know the total junction area - it !s the area of
real contact. If we could determine the total number of junctions,
we would then have the average junction area; and Greenwood's statistics
would tell us the entire distribution of junction sizes.

Rabinowicz ( 1 ) has investigated the number of junctions
existing during sliding by several techniques, including some statistical
ones. He argues that the real area of contact (the sum of the asperity

junctions) is constant as long as the load remains constant, but that
individual junctions are cntinually b,;,..g made and broken in a random

fashion. This gives rise to random variations in the instantaneous
doefficient of friction over a sliding distance which Is a function of
the average junction size. Rabinovic8 derives the diameter of the

average junction from an autocorrelation analysis In which the friction
coefficients f. f..fk '. are measured at intervals off a friction-

distance plot, and the autocolrelation coefficient

n

k  n - k .

vi- )2

is calculated ( 22 ). The distance k at which the autocorrelation drops

tc zero Is equal to twice the average junction diameter. For copper on

steel, he finds an average junction diameter of 9 X 10-4 ca., which is in

reasonable agreement with values derived from measurements of wear debris.

I
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1.0

Copper on steel
unlubricated

0 load- 100gm

0

00

0 Go 0

0 -- - s --

SI I I0.20 0

-02510 15Autocorreltln Intera b expressed as a distance x 10-cm

Fig. 3.13. Autooorrelation coefficient of friction traces as a function of distance
AM the diding track. Since rh drops to seo in 18 X 10- 4 cm, the average

junction diameter is 9 X 10- 1 am.

Table Ul Itimatn of Junction Diamete (1
Conbi- Junction
nation Load Lubricant M"od Diamter Reference

Copper cm I kg None I. - distance 7p Rabinowias,
steel 1951

Steelon 1 kg None 1,-distance Ga Rabinowica,
copper 1951

Copper oan I kg a 1. - diste Bj Rabinowics,
copper 1951

Copper on 2 kg None Parade ise81X Rabliowies,
steel 1953

Copper on 0.1 kg NLe I antocorrelam 10# Rabinowcs
copper 196

Copper on 0.1 kg No" Jsfl&ettlne '. ','&A Rabimnows,
copper 1956

teelc s 0k Conu. - vafb - v lop Rabinowes,
steel md 198

Copper on Any No S0N f/p 2O Eq. 3.15

se My Noe 2MO ,/p ISO Sq. 3.15
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Rabinowicz also estimates the total number of junctions from
a different treatment of the same statistical data ( 1 ). He points out
that if an assumption is made as to the range in strength between the
weakest and strongest junctions, and a factor of 2 seems plausible in
many cases, it is possible to estimate from the amplitude fluctuations
how many junctions must have been present at any time. He derives the
expression

a 1

Where:

a - standard deviation of friction values
f - the mean friction coefficient

n - the number of junctions

Rabinowicz also deduces the size distribution of junctions
from autocorrelation data by using all the autocorrelation coefficients,
not just the one at which the correlation reaches zero; and he finds
size distributions in good agreement with those deduced from wear
particle measurements ( 22).

Ling has also done calculations in this area ( 13), although
his work has been more concerned with the deformations of asperities
during sliding and is better considered in the next section under the
generation of heat between sliding solids. In general, nis results
are consistent with those discussed above.

Jones, et.al., ( 10) and Whitehouse and Archard ( 20) have
also recently published reviews of methods of obtaining areas of real
contact and of the properties of random surfaces in contact. Their
conclusions are essentially those already stated, starting from slightly
different initial assumptions.

Toukisoa and Hisakado, in a recent trilogy of papers (16, 17, 18 ),
present detailed calculations of the separation, the real area of contact,
the number of contact points, the average radius of the contact points,
and the distribution of radii of the contact points between two metal
surfaces. They assume that the surfaces contain a large number of
aperities in the form of cones of equal base angles, that the heights
of the cones are Gaussian, and that the metal deformation is plastic.
They .1so report empirical mesurements on aluminum surfaces, with good
agreement with the calculated values. These papers are too mathematical
for review in this introductory discussion. but they deserve the moot
careful study by anyone who may wish to pursue this line.
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In summation: although there are still a number of unresolved
problems, there is general agreement that real surfaces consist of arrays
of asperities with a Gaussian distribution of peak heights, that such
surfaces contact each other only at junctions of aggregate area much
less than the total apparent area of the surfaces, and that there are
techniques for calculating the number and the size distribution of the
junctions.

There are some fairly dubious assumptions built into some
of these derivations, for example the assumption of purely plastic
deformation of asperities; but other mathematical analyses have shown
that it really does not matter if certain other assumptions, such as
an exponential distribution of asperity heights, are true ( 9 ).
There are also some contradictory assumptions in some of the complementaryI arguments; for example Rabinowicz assumes all junctions the same size
in his autocorrelation treatment (22 ) which was used above to derive a
junction size distribution; but the invocation of Gaussian distributions
can rationalize a lot of that kind of thing too.

All the models have been criticized on the basis that real
surfaces do not consist of idealized cones or wedges or sphere sections;
but it has been shown that it really does not make much difference what
the asperity shape is or what the exact deformation law is - one still
gets an acceptably-Gaussian distribution of junction sizes, and one gets
reasonable agreement with empirical data in test cases.

Nothing is yet known about the topography of the surfaces of
explosive blocks, and some measurements should be early on the agenda
of any program to adapt these Insights to the study of explosives; but
it would be surprising to find that explosive surfaces did not consist
of asperities Gaussianly distributed.
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THE GENERATION OF HEAT BETWEEN SLIDING SOLIDS

The generation of heat between sliding solids has been
familiar since the first caveman slid down a vine and burned his
hands. Boy Scouts use it when they rub two sticks together and
start their campfire. We contend with it daily in the bearings of
all our machines. In fact, in many machines such as autonntive or
helicopter transmissioas, only an infinitesimal amount of the oil
used is actually needed to lubricate the gears - all the rest is
required solely as a coolant to carry away the heat generated by
the friction between the gears. If the heat is not removed, the
result can quickly be disastrous for the gears. In the case of
sliding explosives, failure to deal with frictional heat can be
even more dramatically disastrous.

It is easy to determine the heat generated in a simple
sliding situation. It is simply the thermal equivalent of the work
expended in makinR the object slide against friction: one calorie
for each 4.18 X 107 ergas. This datum is seldom easy to obtain in
a hazard situation where one might have a shower of complex shapes
cascading down under gravity, but it is easy to obtain in a laboratory
situation where one can set up simple, measureable operations and
collect quantitative data.

The gross amount of heat is not the datum of interest for
an explosive, though; one wants to know the resulting tempe ratue in
a given volume of explosive and the size of the volume which reaches
the given temperature.

The interface temperature can be estimated from conventional
heat flow equations by assuming that the heat is generated in the
interface and conducted away into each of the two sliding objects
according to their respective thermal conductivities. For the case
of an infinitely long cylinder rubbing end-wise on a flat plate at
moderate sliding speeds:

AT 4) (Equation A)

Where:
AT - Mean temperature rise above the rest of the material
f - The coefficient of friction

L - Th acrmal load (in force units)
J - The mechanical equivalent of heat
r a The radius of the rubbing cylinder
and k, and k2 are the thermal conductivities of the
tvo contacting surfaces.
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The simple equation above needs many corrections and
elaborations for real situations. At high sliding speeds, far more
heat flows into the plate, which continuously sends new, cool material

into the zone where heat is generated, than into the cylinder, the
samet part of which always remains at the interface. This problem has
been attacked by m any investigato~s, including Blok ( 31 ), Jaeger (40),

Bowden and Thomas (33), and Archard (32).

Francis, in a forthcoming paper (41), derives an analytic
expression for the steady-state interfacial temperature field in a
sliding circular Hertzian contact, taking into account the difference
in bulk temperatures of the two bodies and the ellipsoidal distribution
of the frictional power in the contact area:

Y+ (I+o .JO6 ;
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He derives a formula for the maximum Interfacial temprature 2' In
terms of the total frictional power Q, the radius of the contac 3'R,
the thermal conductivity kc, and a dimen. tonless pareter 8 which
describes the power distribution.

T(a~ .0s,
as~- -t~,-a" +au



-20-

Francis' paper, in the form of a preprint of his presentation to the
25th ASLE Annual Meeting in Chicago, May 4-8, 1970, is incluied in Its
entirety in the appendix because it e not yet readily available from
standard sources.

For hot-spot calculations, the radius r and the load L of
equation ( A) should be those for a single asperity junction, and their
sums should equal the area of real contact and the total load, respectively.
If one knew the total number of junctions and the size of each, one could
pro-rate the load on each and the amount of heat flowing into each, and
calculate the resulting temperature rise at each. One in general does
not know much about individual junctions, but some approximations are

possible.

Rabinowicz (1) shows that the radius of a junction is related to
the surface energy y and the hardness p of the softer material by the
order-of-magnitude relation:

r = 12,0001
p

and that the load L an asperity will carry is its area times its hardness:

L = 1rr 2p

Substituting _n equation (A ), he obtains the final expression:

AT - 9400fyv
J(ki + k2)

and calculates flash temperatures on individual junctions as follows:

Material Y k AT/V (*C/cm/sec)

Brass on brass 0.4 900 0.26 0.15
Steel on steel 0.5 1500 0.11 0.75
Bakelite/Bakelite 0.3 100 0.0015 2.2
Glass on glass 0.9 500 0.0007 70.6

The approximations involved are rather gross, and they include the
assumption that the total load is not A factor; but they give an idea
of the magnitudes obtainable.
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One could also plug in a Gaussian distribution function, as
discussed in the preceeding section, and obtain a statistical
description of the entire array of junctions. This should be quite
adequate for the explosive situation, since explosive initiation is

also statistical in nature. (In fact, the statistical nature of
explosions is one of the strong arguments for Gaussian distributions
of asperities.)

Ling has done a good bit of this ( 36), and has derived
expressions for the instantaneous temperature of an asperity junction
using a stochastic model of junction formation and breaking during

the sliding process. At a sliding velocity of 5000 ft/min, he
calculates flash temperatures of around 1800 *F for steel-on-steel,
with variations from approximately 500*F to 2000*F.

For explosives, still another factor become important in
attempting to calculate the temperature of a frictional hot-spot: theI explos~ve will begin to decompose quite exothermically at some elevated
temperature, and the temperature will run away, perhaps explosively.
Fortunately, this process at 2 east has been well studied, and expressions
are available to calculate the thermal evolution of a hot-spot as functions

of both the hot-spot size and temperature. For example, Zinn (48 )
expresses the progress of an exothermic reaction proceeding by first-
order kinetics in a medium of tharmal diffusivity k by:

aT/at = kV2T + (QZ/C)we-E/RT

where the symbols have the usual meanings. A more useful expression
is the Zinn-Mader (49) formulation for the minimum explosion temperature:

a2Stexp. = -f(E/Tm - E/Ti)

where:

t - time to explosionI eXp = sample thickness [X - thermal conductivitya, -f thermal diffusivity = -

E = activation energy c pfi density
Tm - minimum temperature c = specific heat

for explosion
T Ti  a surface temperature

The function -r is a complex one best handled graphically:
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I

It still remains for someone to.integrate all these approaches
into a coherent, quantitative description of the formation of hot-spots
between sliding blocks of explosives. Expressions are available for the
amount if heat generated, for the number, size and distribution of

asperity junctions, for the temperature profiles in and between the
junctions and their variation with time, for the flow of heat through
the junctions and into the bulk of the explosive blocks, and for the
thermal evolution of hot-spots in the explosive. This would be an
ambiti-,c.s undertaking, and its execution is far beyond the scope of
this study.

Physical mechanisms for heat generation

The fczegoing discussion has dealt with the fate of heat
generated between sliding solids to the neglect of the actual generation
of that heat. One does not need to know the origin of heat in order to
understand its flow and effects, but some consideration of the mechanisms
of heat generation is useful in understanding friction.

Viscous flow can take place in either a liquid or a solid, and
the resultant heating is directly proportional to the work expended in
causing the flow. For example, for shear in a thin film:

H - PAU2/h

where:

H - work per unit time dissipated into heat
U - viscosity of the flowing material
A - area of the sheared film
U - sliding speed
h - thickness of the sheared film.

For a typical oil in a reasonable machine bearing, one can plug in
appropriate values of 3.3 X 10-6 for p, 25 Sq.In. for A, 300 in/sec
for U, and 10-3 in. for h, and obtain a value of 7430 in-lb/sec, or
1.125 HP, or 840 watts of heating.

If all the heat remained in the oil, and the oil stayed in
the clearance space, the temperature would rise at the rate of H/Vc,
where V - the volume of the film and c - the heat capacity of the
oil per uuit volumg. Taking c A 140 in-lb/cu.in.*F for a typical
petroleum oil, one calculates 2120*F/sec.

S - - _ ..
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Such drastic heating rates do not occur in normal practice
because heat is losL into the massive heat sink of the metal parts and

because hot oil is continuously extruded and fresh, cool oil is

continuously supplied. In cases of lubrication failure, the reality
of the above numbers is quickly apparent as bearings overheat and
sieze. One observes actual melting of even hardened steel surfaces.

Such heating rates may also be entirely realistic in the case
of a sliding explosive, where the "lubricant" is molten explosive or

even the surface layers of the solid itself, the shearing rate may be

extremely high and the heat conductivity of the solid is low.

Calculation of heating for cases other than that of a
well-defined, lubricated bearing is difficult, because it is seldom

possible to pin down the properties or the dimensions of the material
being sheared. In fact, even the calculation for the bearing is only
grossly correct. It gives the averaged temperature for the entire

volume of the oil film; but the oil film is not sheared uniformly,

it contains a shear gradient and a consequent temperature gradient.
The local heating in zones of highest shear can be very much greater
than the overall heating.

Non-uniformity of heating has been studied by Appeldoorn,

et.azl., for fluids forced through a capillary (46 ). For adiabatic,
incompressible flow, the bulk heating is a function of the driving
pressure, and the specific heat and the density of the fluid:

ATb = P/CvPJ

where:

AT - the bulk temperature rise
P . the driving pressure
C P the specific heat of the fluid
P the density of the fluid
J - the mechanical equivalent of heat

ATb for a typical hydrocarbon oil is about 7*F for eacb 1000 psi.

But this is only an average value; the actual temperature
profile is very non-uniform across the capillary because the shear
is very non-uniform. It is well known that the flow profile across
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a pipe is approximately (not exactly) parabolic, with the fluid at
the wall essentially motionless and that at the center essentially
not in shear.

(Arrows indicate velocity vectors)

Appeldoorn, et.aZ., have shown experimentally (46, 47) that this flow
(and shear) profile is reflected in a temperature profile which is
similar:

0.

1.0 0.5 0 0.5 1.0
Capillary radius

and they have measured temperature rises at the wall as high as 140*F
for the case where the bulk rise was only 70F.

For the case of one solid sliding upon another without
lubrication, the shear gradient may be very steep indeed; and the area
of shear may be very small, i.e.% the area of real contact, which
is vastly smaller than the bulk area of contact; so that the local
hot-spots due to shear may be very hot indeed.

Nothing limits the above phenomena to liquids. Selide can
flow too, under sufficient pressure; and sufficient pressure speci'ically
exists in an asperity junction already loaded to the plastic flow point.
The following diagrem which has been used repeat.idly by Bowden ( 3 )
illustrates the point:
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W

Elastic deformation

Plastic flow F-As

Two solids placed in contact are supported on
the summits Of s:rface irregularities. The pr-ssure exceeds
the vieldprersure p., of the solid, u ichflozes plasticallv until
the area of ,ontact .4 ir sia,'cient to suppot the load II'.
Hnce A = iJ'p,. The material around the regions of

contact uill be elastically deforned. If s is the shear strength
of the jwwtiows F =~ As.

Solid flow also exists whenever a high asperity of a hafd
surface plows a furrow in a softer opposing surface. In addition to
cutting shavings, such plowing usually leaves a ridge on either
side of the furrow, and this has to be due to the plastic flow of
solid material. The pressures in psi are tremendous; so are the shear
gradients, and so are the local temperatures.

Note also that the melting point of a rubbing material does
not limit the temperature rise, as is so often stated. If the pressure
and the slidiug speed are maintained, the molten material will be in
severe shear and will be heated further by viscous flow. This is the
reason why organic explosives which cannot be ignited by slow sliding
.ca be ignited by fast sliding; fast sliding forces the molten layer
into severe shear. It is also the reason why grit increases the friction
sensitivity of an explosive: a melting asperity collapses and reduces
the pressure somewhat, while a rigid grit particle maintains the local
pressure and forces the molten material into severe shear through narrow
clearances.

The phenomena of viscous and plastic flow probably account
for most of the heat produced in solid and in lubricated sliding. The
breaking of asperity adhesions may involve other phenomena such as
surface energy effects (see Rabinowics, chapter 6); but this too may
be accountable by the heat of the plastic deformation of the asperity
just prior to rupture.

Elastichysteresis has been mentioned as a possible source of

heating as an asperity deforms elastically under load and then recovers
its initial shape with rblease of its stored energy. In moat cases, uost
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of the stored energy probably goes back into the deforming asperity

to boost it on its way as it departs, but at least one case has been

reported ( 45) of glass particles becoming incandescent apparently

after the deforming slider had departed. In viscoelastic materials

such as rubber - and perhaps some PBX - there is a bulk hysteresis

loss which is significant. In fact, it is the major mode of energy

loss in a rubber tire on a wet or icy pavement, and it accounts for

nearly all of an automobile's traction in such cases (68, 69, 70 ).
As every motorist knows, the effect is very small compared to the

normal dry adhesion of a tire to pavement.

It should also be noted that "elastic" 4s a deceptive word.

Few, if any, materials are perfectly elastic. A repeatedly flexed

spring will get hot, not from elastically stored energy which is given

back to the deforming source, but from hysteresis losses which are really
flow losses. So will a rubber tire. Nevertheless, the heating is

still real; and hysteresis losses may make their contribution in some

cases. Most authorities, though, feel that it is a minor contribution

compared to plastic and viscous flow.

I There are two other important phenomena associated with

sliding and grinding processes: fracture and electrostatic discharges.

They are both outside the scope of this study, and they are probably

of minor consequence in most frictional initiations; but mention of

them needs to be made.

Fox and Soria-Ruiz, of the Cavendish Laboratory, have

studied the "apparent temperatures" generated in the leading edge of

a crack propagating in an explosive, and have found them to reach

values as high as several thousand degrees (81 ). These are not actual

temperatures; they are those temperatures one calculates from the

obstrved rate data using kinetic parameters derived from more ordinary

experiments, and they may or may not c rrespond to thermal temperatures.

Nevertheless, they are most provocative; and they suggest that surface

energies may play significant roles in brittle explosives.

It has also been reported (118) that the work required to
form one square centimeter of new surface on A1203 is highly dependent

upon the method used:

Method Erus

Pulling 500
Zero creep 700
Dry crushing 100,000

Crushing under
liquid 75,000

iiii

Ini
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Clearly, crushing requires the expenditure of much more work than is
recovered in the formation of new surface. The rest must appear as
heat. The 25% reduction by wetting is also provocative, and has
similar implications.

At this writing, Fox has an active program on the subject, and
he has promised a paper specifically directed toward fracture initiation
of explosives.. It is recommended that interested investigators await
Fox's paper. This study contains no further reference to fracture except
a bibliographic listing of publications which were encountered in the
field in the course of the literature search.

Electrostatic discharges are frequent concomitants of sliding,
and they may be important initiation sources, particularly for primary
explosives; but they are not "friction", and they are beyond the scope
of this study. Piezoelectricity and the emission of Pxoelectrons from
freshly broken or abraded surfaces are closely relatt u phenomena which
may also be important, but they too are beyond the scopu of this study.
The entire subject of electrical friction phenomena is a large one, and
could easily absorb a study larger than thlo one. The bibliography
contains a number of excellent starting places for atyone interested in
pursuing it.
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!
4. FRICTION HAZARDS TO EXPLOSIVESI

This study has found no magic for reducing friction or

friction hazards - except for the ancient magic of lubrication -

and the study and control of friction hazards remains very much a

Black Art. For tne time being at least, the testing and the safe

handling of explosives remains highly empirical; and innovations

should be made only with the greatest caution.

LABORATORY FRICTION SENSITIVITY TESTERS

There is a bewildering variety of friction sensitivity
testers, and the number of variations is approximately equal to the
number of active laboratories. The testers are all highly empirical,
and their value is usually limited to a particular application in a

particular time and place; they do not yield fundamental data. They
are only partially successful even la yielding empirical data, partly
because the hazardous stimulus is usually quite difficult to identify
and simulate, but mostly because the essential nature of friction is
only dimly understood. In these circumstances, it is neither practical

II nor vrofitable to review each tester in detail: it seems better to
review the principles of operation and critique them. Detailed
descriptions of individual testers may be found in the literature
through the attached bibliography.

Most friction sensitivity testers are attempts to produce
a realistic, usually small-s"ale, simulation of actual processing

operations or accident situations; and they can be grouped into three
categories:

(1) Those which shear a thin layer of explosive between two

rigid plates of steel or other material of construction.
Some of these are lineal and single-pass, and some are

rotary and continuous.

(2) Those in which a block of explosive is rubbed violently on a

SI h.rd or abrasive surface.

(3) Thos& in which a sample of explosive Ls subjected to extreme
deformation In an impact orextrusion event.

* The word "wpirical" is not used in aerogation. The writer
is an enthusiastic empiricist, on the grounds that empiriciss is
necessary to keep theoreticians honest. But it is also true that

sound theory is necessary to keep semdricists relevant, and this study

attempts to emphaes fundamentals.

I
I
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The Shear tests are the most popular, and they are represented
by the (British) Explosives Research and Development Establishment
Mallet Friction Test ( 51), the E.R.D.E. Emery Paper Friction Test for
Sensitive Explosives (51 ), the E.R.D.E. Sliding Block Friction Test (51),
the U.S. Bureau of Mines Pendulum Frictica Test ( 51), th- USNOTS
Pendulum Friction Test ( 51), the Picatinny Arsenal Pendulum Friction
Test (51 ), the Allegany Ballistics Laboratory Sliding Friction
Machine (56, 57, 58 ), the Esso Friction Screw (66 ), and others.

All the Shear tests squeeze the sample between two tool faces
of steel or other material of construction and subject it to shear by
means of a sliding motion of the two tools. They use varying degrees
of pressure from weights, springs or hydraulic cylinders; and they use
varying sliding speeds. The pinching surfaces can be steel, fiber,
aluminum, glass, or any other material the investigator thinks realistic
of a potential real event. The surfaces can be smooth or rough, and
they can incorporate added grit of varying hardnesses.

Most of the Shear tests are intended to be simulative of
process or accident hazards, such as the pinching of a sample between
the blade and the wall of a sigma blade mixer, or the pinching of a
sample between the threads of a bolt and its bolt-hole. The ABL
Sliding Friction Test (56, 57, 58 ) is probably the best of these, and
it has been widely copied in this country.

The common weakness in all the Shear tests is that they have
little to do with the friction properties of the explosive itself; the
friction is mainly between the two plates, or the mallet and the anvil,
with the explosi-e playing a minor role as a lubricant or as an acceptor
of heat generated by the rubbing of the two plates. The explosive is
doubtless sheared like a viscous liquid to some extent, but it is never
clear to what extent. The tests arc simulative of real pinching events,
and they do furnish empirical estimates of degree of hazard, which is
their intention; but they are not susceptible of detailed analysis, and
they cannot give fundamental insights. They combine too many, too
complex, phenomena.

One Shear test, the Esso Friction Screw (66 ), was developed
as a purely empirical test to correlate with accident experience in the
laboratory handiing of NF compounds; but it has promise of yielding
fundamental data, given some further development. It subjects the
ample to slow sher between two plates under ever-increaeing pressure

and in the presence of added grit. The main friction is emphatically
not that between the two plates; because it makes no difference whether
the plates are steel, aluminum or Teflon in most cases, and it makes
little difference how rapidly the screw is turned. The overriding
independent variable Is the hardness (not the melting point) of the

added grit.
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One can speculate that the grit particles act as the contacting
asperities between the two plates, and that the explosive acts as the
lubricant or separating film between asperities. Pressures are such as
to crush the grit particles, so that the grit hardness (- crush strength)
controls the asperity-asperity contact pressure. Sliding speeds are so
low as to preclude gross bulk heating, so that the temperatures
generated must be simply the Flash Temperatures on the asperit: tips.
The flash temperatures are probably not calculable from the dry friction
models discussed in Section 3, since the contacts are lubricated by the
sample; but they may be calculable from models currently being developed
at Esso Research and Engineering Company for Boundary Lubrication. This
work is incomplete at this writing; but It will be published during 1971
(80), and a prelimindry version is given in the Appendix of this study.

f Violent ru7bin of a block of explosive on a hard external
surface does involve tkia frictional properties of the explosive itself;
because the explosive s the softer material, and its shear strength
and penetration hardness will be the ones of importance. Such tests
are typifiel by the Pante.' Skid Test (51 ) and the A.W.R.E. Oblique
Impact Test ( 51). The Canadian Friction-Impact Test is also an example.

The Skid Test and the Oblique Impact Test hardly qualify as
small-scale laboratory tests, since their sample is on the order of
20 pounds; but they are controllable experiments, and they could yield
fundamental data if coupled with mathematical modeling such as is
recommended herein. A somewhat different mathematical analysis of the
Pantex Skid Test is currently being carried out at Lawrence Radiation
Laboratory ( 62), and it should appear soon.

The Canadian Friction-Ipact Test, in which a torpedo slides
down an inclined track to strike a 50-gs ample a glancing blow ( 51),
probably uses too small a ample for satisfactory isolation of effects;
but 20 pounds is certainly not necessary, and some intermediate size
ought to be both optimum and convenient.

Dyer and Taylor have recently reportel a new test wherein
a 25 am cube of explosive is pressed against a friction surface which
is suddenly jerked away with a sliding motion ( 61). This is about
the right sits, although it may 'e just a bit on the large s.de for
laboratory work. This test ought to be subjected to careful L&alysis
coordinated with a sathematical wodeling such as is suggested in
Section 5. It his great promise.

Dyer and Taylor also report interesting studies with grit,
and their data somewhat parallel those from the uso Friction Screw.
These studies also ought to be extended, in the light of the Isso
results and in the Uight of the principles discussed In this report.
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Violent, extreme deformation is employed in the SUSAN Test (51),
wherein a one-pound sample of explosive contained in a special projectile
is fired against a hard target at controlled velocities. This is, of
course, an "impact" test; and LRL, the originator, classifie3 it as one;
but it has been reported that the sample undergoes extreme deformation,
expandiwj to several times its original diametor with a corresponding
reduction in thickness before exploding. This sounds very much like
plastic or viscous flow with consequent heating, as described in Section 3.

For that matter, any impact test, including the BuMines, the
NOL and the Picatinny Arsenal impact tests, look to this writer as if
they had a large component of violent deformation via plastic flow.
This may be one reason impact tests are so notoriously hard to analyze.

There are several other friction tests currently under
development by various groups, but note of them show much promise
of breaking new ground. The AEC has one in which an abrasive band

pressed against an explosive sample is suddenly pulled away with a
sliding motion while the pressure is maintained (119). The "friction"
is greatly confounded with gross wear of the explosive, and one does
not know wliether the friction is between the abrasive and the explosive
or between .he explosive and other explosive loaded into the abrasive
band.

There are also several rotary friction machines in various
stages of dev .opment. There was one at Thiokol a number of years
ago, McDonnell Douglas Corporation built one a couple of years ago

(59 ), E.R.D.E. announced one in February 1970 ( 60 ), and one is under

development at Picatinny Arsenal ( 120.

These machines in general shear the sample between rapidly
rotating plates for various periods of time. The shear is something

like that in a journal bearing, and the heat generation may be subject

to analysis in a similar manner. The treatment is discussed briefly

in Sectiou 3.



-33-

Some suggiested new approaches

The planning of the development of improved friction
sensitivity testers requires the identification of the factors
which are really controlling in frictional initiation of explosives,
and that may have to await the outcome of the theoretical studies
recommended in Section 5. For planning purposes here, let us make
several alternate assumptions and see where they lead us.

Assumption 1: The important fr-ction characteristics are
those of the solid explosive surface itself. This assumption is
plausible because of the high coefficients of friction and the low
thermal conductivities of mostexplosives compared with those of mostf'metallic materials of construction. If this be the case, then testers
typified by the ABL Sliding Friction Machine are on the wrong track;
and testers such as the Dyer and Taylor machine would be better. The
assumption requires that container-on-container friction be eliminated
and that slidliug be confined to explosive-on-explosive or explosive-on-
container.

If the assumption is verified, then further development of the
Dyer-Taylor machine is indicated. It needs to use a smaller sample for
laboratory safety and convenience, and it certainly could since most of
the present sample is far removed from the surface. It also needs to
have the capability of higher sliding speeds and higher p-essures up to
the strength limit of the explosive block. A slightly modified apparatus
could also measure the coefficient of friction of the explosive surface,
and that should be done by adding a strain gauge to the slider.

Assumption 2: The important friction characteristics are
those of the container surfaces, not the explosive itself. This
assumption is also plausible because of the generally low strength
of explosive solids. They abrade and melt under friction, and the
temperature rise is strictly limited. If this be the case, then the
ABL machine is on the right track and the Dyer-Taylor machine is wrong.
Moreover, the hot-spots must be generated on the asperities of the
test tool faces; and the important characteristic of the explosive is
simply its thermal sensitivity, which can be evaluated more directly in
other ways (for example, the modified Picatinny Arsenal Autoignition
Test developed by Coburn and Brown (67 )).

If this assumption is verified, then construction of an ABL
machine is recommended, with provision to interchange tool faces of any
given material of construction. The thickness and disposition of the
explosive sample layer probably needs to be optimized too.
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The Esso Friction Screw provides an alternate, or perhaps a
complementary, approach to this assumption; and it is a lot cheaper
than the ABL machine. It is likely that the Esso Friction Screw
produces its hot-spots by grit-on-grit friction, with the explosive
acting as a heat acceptor; and the thickness of the explosive film is
controlled by its film strength and viscosity. The grit could be
metallic particles, and the problem of surface finish and flatness is
obviated.

Still another alternate under this assumption is to measure
the friction characteristics of the container materials without any-
explosive present and measure the thermal sensitivity of the explosive
separately. This requires the success of the Section 5 theoretical
studies, and it is probably not empirical enough to inspire confidence
in safety decisions.

Assumption 3: The important factor is not sliding friction
at all, but rather heating from viscous or plastic flow of the explosive.
If this be the case, then none of the existing friction testers can be
very good; because they all involve a great deal of sliding friction,
and the flow of explosive is only what results incidentally.

A machine designed to test this factor should provide a fixed
clearance large enough to preclude container-container contact, and
should provide a controlled pressure to cause the flow. One approach
would be to squirt the explosive out through a jet like a hypodermic
syringe, with the test flow occuring in the needle. This would be easy
to analyze by the calculations discussed in Section 3, but it would be
difficult to construct mechanically. There would be sliding friction
between the plunger and the barrel, and quite a bit of plasticity would
be required of the explosive.

A better approach would be to force the explosive up through
an annular orifice as a plunger drives down into a closed cup:

Nardened steel

Cast or packed
explosive sample

The plunger needs to have a short stroke to avoid collision with the
bottom of the cup, and it needs to move with a controllable high speed.

. . . . . . . . . . . . . . .
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It also needs very rugged guides in order to maintain close clearance
without dauger of accidental contact with the cup wall.

Such a test is obviously workable with liquid or soft
explosives; it is not so obvious how well it would work with granular
or brittle explosives. It might be that their strengths will be small
compared to the loads imposed by the test fixture, so that they too
will flow. There might also be a large amount of particle-particle
surface friction, but the assumption here is that that is not important
anyway.

Another variation of this concept would be to crush a pellet
of explosive so as to force it to flow out into a thin disk. This
might be done in a hydraulic or pneumatic press with a short, powerful

stroke, or the pellet might be crushed under the rim of a wheel. It
might also be done in an impact tester; in fact, an impact tester may
actually be nothing more than a friction tester after all. The writer

has yet to see a satisfying analysis of its action on solid samples
in terms of compression or shock waves.

Crushing has certain attractions from an empirical point of
view because it is a realistic process and because it automatically
adjusts itself to widely different physical properties of the explosive.
A liquid or soft sample will flow, with heating due to viscous shear;
a brittle sample will crush, with whatever effectsthe formation of new
surface entai]4 and a rubbery sample will deform and recover, with
attendant heating due to hysteresis losses. The same considerations make
it less attractive for the gathering of fundamental data.

HAZARD REDUCTION TECHNIOUES

There is no magic to eliminate friction or its effects.
Friction is basic to the very nature of matter, and about the best we
can do is to moderate its effects by suitable mechanical design and
operating limitations.

Lubrication is nearly magic, though. It provides a low
shear strength interface and thereby drastically reduces the coefficient
of friction, and it also provides a heat sink to cool the hot-spots
which do form. The best lubricant is one with a high film strength so
that it will separate the solid surfaces and keep them separated, but
the materials which are best for this (fatty or petroleum oils) are
difficult to get rid of when their function is finished; so a better
choice for explosive processing is water or a volatile hydrocarbon or
halocarbon, or a lower alcohol. A still better choice, when it can be
done, is to use a liquid which can remain in the finished composition,
such as the plasticizer in a composite explosive.

iii
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There is nothing new about lubrication, of course. It has
always been the practice to handle primary explosives only when they
are wet with water or alcohol, even though it has been demonstrated
that wetting does not reduce their sensitivity to impact or severe
friction ( 55). It does reduce their sensitivity to gentle friction,
which is what one has in normal handling.

Limitation of rubbing pressures and velocities is also
obvious and has always been practiced. Clearances between mixer
blades and walls should be as wide and blade speeds should be as
slow as is consistent with adequate mixing. Extruder plungers and
screws should move slowly. On the other hand, bearings and compression
rams should fit as closely as possible in order to keep explosive
materials from e-tering the clearance space.

Grit should be carefully excluded, because it can introduce
severe friction where there would be none In its absence. It may even
be desirable to substitute softer materials for ingredients of the
explosive itself. For example, powdered aluminum is a safer choice
than powdered boron for high-energy rocket propellants because of the
hardness of the boron (67 ). Similarly, the use of aluminum hydride
gives very friction sensitive materials because of the hardness of the
aluminum hydride (121).

Low-friction tool and container surfaces are desirable on
principle because of the danger of generating hot spots by their
rubbing on one another. Brass-on-brass is better than steel-on-steel
because the lower coefficient of friction and the higher heat conductivity
both act to reduce the flash temperatures attainable. It is even
better to make one surface Nylon. But not Bakelite - Bakelite's very
low heat conductivity leads to very high flash temperatures. Surface
finishes should preferrably be around 20 to 50 microinches, because
both smoother and rougher surfaces give higher friction coefficients.

It is also good to make the two contacting surfaces of
dissimilar materials which have little or no mutual solubility. Steel-

on-steel can sieze if the parts rub hard enough to cause asperity-asperity
welding, but lead-on-steel cannot because lead is insoluble in iron.
Nylon and steel are similarly insoluble and cannot sieze. Most plastics,

however, are poor choices against another plastic surface, because there
is often mutual solubility with high coefficients of friction.

Dissimilar materials are good from another point of view as

well. They give an opportunity to use one material with a favorable
surface energy and/or yield strength and another with a favorable
surface finish and/or heat conductivity, and have the best of both worlds.



Actually, it should not be surprising that this study has
not produced startling new insights. After all, intelligent people
have been facing these problems for a very long time; and they have
come empirically to most of the right answers. It would be surprising
if this study had found them wrong.

What this study can do is to illuminate the reasons for the
empirical rules of thumb and to guide the choice of new materials such
as plastics when plants are modernized and the old rules of thumb do
not cover the situation. Plant designers should get up to date on
the science of friction by studying the authorities in the field, and
Rabinowicz ( 1 ) is an excellent place to start. It would also be well
to retain expert consultants to review the friction aspects of the

1 design of new facilities, and Rabinowicz himself would be a good choice.
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5. SUGGESTED FRICTION RESEARCH TuICS

This review has turned up a number of places where the
science of friction and friction sensitivity is not yet adequate
but where there are clear opportunities for advancement and where
the logical next steps are clear. This section outlines some of
the more attractive and better defined ones.

A MATHEMATICAL MODEL OF FRICTION IGNITION

The foregoing discussion has mostly been rather qualitative,
partly because a quantitative analysis of the various processes wast beyond the objectives of this study and partly because the kind of
quantitative analysis which is really needed has not yet been made.
Nevertheless, a quantitative study is needed if the findings are to
be of maximum use. It is necessary to determine just how large the
various frictional effects discussed really are in situations involving
explosives and to compare their magnitude with those of empirically
observed explosion hazards.

A quantitative theoretical program is recommended to integrate

the approaches sketched out in Section 3 into a complete, quantitative
model of the formation of initiating hot-spots. Mathematical expressions
are available for the amount of heat generated in sliding, for the
number, size and spatial and size distribution of asperity junctions,
for the temperature profiles in and between the junctions and their
variation with time, for the flow of heat chrough the junctions and
into the bulk of the explosive blocks, and for the thermal evolution
of the hot-spots in the explosive. This is essentially a job for a
mathematician, or a very mathematically inclined Materials Scientist.
It might be an excellent project for a selected Materials Scientist on
a post-doctoral year.

Most of the mathematical modeh required have been introduced
in Section 3, iLcluding the Zinn and Mader models (48, 49 ) of tie
growth of hit-spots in an explosive. The only additional model i-Ad

is one for the critical conditions for a hot-spot to lead to explosion,
and this is fuenished by the work of Boddington (50 ). He has
calculated the critical sies and temperatures for runaway in a number
of cosmon explosives by proc.dures more rigorous than those of Zinn
and Nader, and they are memarised in the following figure:
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Successful execution of the program envisioned should enable
the quantitative prediction of the probability of explosive initiation
by any given frictional process vithout recourse to empirical testing,
knowing only the fundamental material properties of the materials
involved and the speeds, pressures, etc., of the mechanical events.
Comparison with empirical reality will reveal whether the chosen frictional
processes are indeed the critical ones, as is discussed in the following
paragraphs.
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EXPERIMENTAL TEST OF THE MODEL AND APPLICATION TO HAZARD CONTROL

The validity of the model developed in the first suggested
project will depend completely upon the relative importance of the
processes chosen for incorporation, and this furnishes a way to
determine which process or processes actually are dominant in any
given hazard situation.

For example, if a model assuming the generation of heat by
explosive-explosive friction is found not to correspond to reality;
it would imply that that assumption is not valid and suggest the
substitution of a different assumption such as the generation of
heat by metal-metal friction or by viscous shear. The model which
best describes empirical reality is by definition the one which
incorporates the frictional processes which really are controlling.

Once the critical processes are identified, the lessons for
in-plant hazard reduction will be obvious. For example, if the study
were to show that metal-metal friction was not important and that only
explosive-explosive friction would lead to trouble, we could quit
worrying about materials of construction and concentrate on preventing
the sliding of one block of explosive on another. Similarly, if viscous
shear turned out not to be Important, we could quit worrying about
maintaining wide clearances and concentrate on preventing actual metal-
to-metal contact. Nature being what she is, conclusions will probably
never be that clear-cut; but there should still be lessons for hazard

control.

Modeling will also reveal whether still other phenomena such
as fracture or frictional electrification need to be studied. If the
models account adequately for the empirical observations, "other effects"
can pretty well be forgotten; however, if they do not, it will be a
clear indication that the "other effects" need to be explored in depth.

DEVELOR4ENT Of WROYED FRICTION SENSITIVITY TESTERS

As discussed in Section 4, there is at present a wide variety
of empirical friction sensitivity testers, none of which is really very
much good. The modelling studies proposed above will help t3 wed out

j jsome of then by revealing which ones principles of operation are ,alid
and which are not. They will also help to guide the development of new
ad better one. This subject has already been discussed in Section 4,

K Iand it will only be recapped here.

_1

I,
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It is suggested that three, perhaps four, different types
of testers be studied, cmbodying different basic assumptions as to
the critical friction process or processes. These would be (1) A Dyer-
Taylor type machine in which an explosive block is rubbed on a hard
surface at controlled pressures and speeds, (2) an ABL machine in which
the explosive is a thin film between two hard rubbing surfaces, (3) the
Esso Friction Screw in which the explosive is a thin film between grit
particles rubbing without bulk heating, and (4) an extrusion-type

machine in which viscous and/or plastic flow can be studied, or alternatively
a crushing machine vs study the same processes.

This study is complementary to the modelling study ir that
each machine emphasizes some basic frictic process and some on- model
ought to be appropriate to each; so the experimental and the theoretical
prograim serve as tests of each other.

Again, nature being what she is, it is unlikely that results
will be clear-cut enough to discard any one approach completely; and
it may be that all the testers should be retained and used where
appropriate. It may be best to match the tester to the particular hazard
problem, with the guidance of the theoretical models.

FRACT iJi E AND ELECTROSTATICS

This report is believed to be fairly complete inasregards
friction itself, but there are other phenomena associated with sliding
and grinding, and they are not covered herein. Among these phenomena
are crushing and fracture, and frictional electrification. They may
or not be important effects, and the modelling studies above are designed
partly to determine whether such additional processes need to be invoked
to explain frictional initiation of explosives. If they are needed.
then programs are needed to Investigate them in depth; and each program
will be at least as large as this one.

Fracture and electrostatics are beyond the scope of this study,
and no attempt wes made to cover the literature on them. Nevertheless,
articles on them were inevitably encountered; and the ones which were
encountered are included in the bibliography to serve as a starting
point for any future detailed survey.

* Not exhaus.Ive. It was necessary to restrict the scope of

this study in order to preserve useful depth; but it is believed that no
major insights into friction have been missed. If amy have been missed,
it is hoped that reviewers will bring them to attention.
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SUMMARY OUTLINE OF SUGGESTED RESEARCH

A MATHEMATICAL MODEL OF FRICTION INITIATION
The amount of heat available from sl ding
The statistics of junction number and size
The statistics of junction temperature
Critical hot-spot size and temperature

FXPERIMENTAL TEST OF THE MODEL AND APPLICATION TO HAZARD CONTROL
Calculation of frictional conditions to cause ignition
Comparison with empirical tests
Conclusions as to whether the model adequately predicts

events or whether additi nal phenomena need to be
taken into account.

Conclusiona as to permi3sible process conditions

DEVELOPMENT OF IMPROVED FRICTION SENSITIVITY TESTERS
Construction of devices embodying different basic processes

* Dyer-Taylor type machine

* ABL type machine
* E3so Friction Screw
* Extrusion or crushirg type machine

Cross-checking with the predictions of the models and
comparison with known handling hazards

Hatching of the tester to the problem

POSSISL NEW PRDJECTS
Fracture and surface energy
Electrostatics
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Distribution Within a

Sliding Hertzian Contact
It.~ &oAM

' H. A. PIANOS

Dope. of 0Chm -I Egin..uln & Chemial Techology
W"" Colhge, Loade4m S. W. 7

I amtidteprtsiimfo the fteady-itateanteifanaltewprature is a notoriously difficult problem. hence there is consider-
field n a slidng ctular Hertzian contact As ikruw% taking into able demand for reliable mathematical techniques. Sev.
accma the ellsedal distvibulion of the fricioal poay de eral methods for calculating interfacial temperatures have

i f eive bt wn te ouM enpevtwes odie t bodiesi* IA, been devised (I- 7 for the case in which the power density
* o . r is s , the 0V o(i.e., the rate of frictional heat production per uait area)

is constant over the contact area. However, in engineeringwMk respect to the otad. Othe~r ease~s may be ttd an a similar
systems the area of sliding contact is often formed by
elastic deformation of curved bodies in nominal point or

" Ef iK can it .ppmrfmast4 to me aecwat. O"rorlM with line contact, in which cawes the pren.are is exactly or
Mocity, by haftAw hann"nw NMa of thIe IU swIr¢ temperaa¢tls approximately elliptically distributed over the conltact

41taiind of thatpow'ttifh bod av I 0 r Iot iw a thefitt*Al( area according to the classic equations of Hertz id. Even

kicky t L g1W e IV Bi .s wtly w e ourn , distribution is still fairly close toellipticalt 01. Thus. given
that the frictitn force conibuted by a differenmial elc.

O"RO33.)I ment of area is proportional to the normal load on that
element, the power density in a sliding Hertziar. contaet

To charoieri completey the intermn beth wem - will be elliptically distributed. An important example.
slidingl bodis. one must be able to deteranne the tra- and the principal application for the, rsults of thrs papir.
perature distibution over the ar-m of contact dtu to is the 4-ball machine. tor a pin-on-disc mathine %ith a
frictional heating or. lacking this. the maximum and'O hemisphtical slider). widely used in tribolup- rrsearch
mean temperatur. M, .utirwrit oir thtse temUperature and lubricant testing. which effe-is sliding contact be.

hawed awad 04k tkieen tw~o sphere such thAt the conitact area is stationarv
Am Clo Mm 44. 190 on unve ol them,

NOMVMA'MVAT. a urfa itmpiratuit within a ,tAtL%&ar% ~Iwt %nvft utu
a single swfa-e min the bulk tmerpeatuft

a . thermal d4t0wetv r. a urface temperstior within a moving twat -Amme on a
a - dinwamtu p uater t 4 %inele sutfar minus the bulk temetrera t
K a copmtr elliptiftwqra.. a a dimensionk, *widilSate IjI + .

w di ewmks bWk ittnpetasure dilfrrent' eRM k) V lW ty vith ' lpe(t to the heat awt,
Ia therMA VOW.4ly t ~ a Cantsian -*"dnates denoting pnitm.. wuithin the beat

L a heat umm ha.dt(th in the dmits ml 4 mo4q,,'
q M (nttiuinal powrer *Iwo% hemi Pr tMit 11OW per vMIt aft&a &, ~ . a coa'dinaites off the amxmum vaterfatial tenperi*-

= heat Ami acmm the ntorrdtv due to the Wilk temprnearu 1u
dikawv a"a true bt parttin cmeitwwnt

M ttal frstotl pW,.r P A et&eta heat pArimaM CO4liotu

I&- Power_ MWaknd rMVO the inttrace AS a iut Of the 3~a fe loal detiiiao a.
bull it- F o aurr dwkftvos 9 a abuiute irnipirratute a the s4ng tnterfare

r distance IMM the etre ot f he heat souft* *, a bulk term smr sit thc %vateusqv't mnd niunuti
a - radii d the twat Uvfte bodwos n petitt'
a M Merawe at hSe siding ntefV ae Sniu t hulk kin0, 30, = bulk wmprat ar dit tiw" *. -

4.



-5 6-

Iit-.i patper, i .ttit N irt.tr for flt- ea~dy-siste

I"' if I I Irrti/.t; C011utAtt slitdio- it. a er tinluljricated'or (b)

h.*tids'luouli1cl ri~lt 'l is tlerisctl taking intoa

irratittit is lircm-tied fur tilt camt, in wich fine surface
a., tttttdNWith rtespect it t.it* cotatct airea butt is valid

%%r-1 ~I'l ir certain iu ~lir case-s which wvill be discussed.
%N( %I lost dlev e t he teal)pera tuit di st rib~ution on a

irl.tt v~ for (a ) statiitnatrvh-. iat soturce and (b) a
t heat mceill -tite lii ttttiptdtmte distrihraition for 0 so/

-. l It. jjjfL(Lt will th-i lit obtitained~t front these twa
(hi t tiltit tIlis, i nit ialiv Itt- tilet case wh erlt- tilt- twoi hotics Fig. 1-(a) Uniform and (b') ellipsoidal power densio'. distributions.
hatve t ite stame bulls ittii tut ;%fill suil)stquetiv for the Both distributions have the some flotal power Q.

rmo re i~t nera ca (i' tic jii cal huin k trn; terat tires.
It this pat-- tilt- svuhtil 1 wil! always represent the lf lsi elcin ~)frtecrepnigpesr

stirlat Itempra)urfe tritm ab~ove the tem peratutre in the theltideeton r orhecrspdngrsse
bod~)I' tr frtim t~litcat source. liiw subscripts s and distributions (//). !7or the ellipsoidal power density [31,
twill rteler to thle- single I su rfiae st a t itnary and movingr r2i

STATIONARY HEAT SOURCE ON A and, for the uniform power density,
SINGLE SURFACE

The stead- state (i.e.. aifter an infinitely long time) T,(r) = 2-E(YIR) Q ( ) 5
surface tempturattire (]ito tit astatioinary point heat source -r (r ), [5

tin plne urfce i gier)by 10)where E(r/R) is the complete elliptic integral of the
second kind whose modulus is r/R. In Fig. 2, the two

dT "dQ Il temperature distributions are plotted in the dimensionless
,."bk form (,?Rk/Q)T7(r/R). The average temperature over the

%,here h is the( distance front the heat souree, dQ is its source area (r < R) for the ellipsoidal distribution is

potwser. andi A is t he the~rmal conductivity. An identical97Q
relatitonshiip htolds hor tlit- elastic ntormal deflection of a T..." = T2;&-6
plitne surface dute to a normal point force d~l' acting on 3 6

the urfae (1 );which is 4.1* greater than that for the commonly em-

di, dW 11 ployed uniform heat sourc.
du - 2rbE'' 2

FAST MOVING HEAT SOURCE ON A
where E' = E120 - 112), E is Young's modulus, and I, is SINGLE SURFACE
Pioissonr's ratito. Theref'ore the ntormal detflection iv(x, Y) Lt(,y eaCreincodnt ytmi h
tof a plane surface dlue to a pressure distribution x, sufae (xh its be iganCate coonate sytfi the a ore
obtained by double integratiton of Eq. 121, is an exact sufcwihtsognatheetrofhcetsuc,
analogu te of the steady-state surface temperature field
7*,(r,.0r resulting frtm aI stationarv heat source of power--
der.sitv ql.t ) distributed over a finite area on the surface,
whitch is itiven by doiuble integrat ion of Eq. [1].

An analytic expression is required for T7(r) retulting a
from the ellipsoidal po-wer density distribution

q(r) = 2 Q1 [- (r/R)2 J"/2 , [3] 9
217R2 .

where Q is the ttotalI power produced by the heat source,
R is its radius, and ris die distance fromt its center. This
is platted in Fig. I in the dimensionless form (2rR2/3QJ
qtr/Rt. For comparison, the uniform power density dis- Co ri W~
trihution q = Q,,7Ris plotted as well. Using the analogy
presented abtove, the surfitce temperature fields r,(r) for Fie. 2-Surfaco tem perature field within se seiutery hisel SoufO feW
these two hecat dlistributitons can be- written directly fromn (a) uniform an I (b) etlipsial power dmeity diffirbutiene.

so



%.'-re + a I, the drrsipw ca nwiP -~~q %*ibh wivt1,
%urfae %ith r ' i v, Oweu1 ,irrr Arxhsr ( l has

.hown that %lhn the dumenirnls, paraneer rRie>
10. where a is !he ihersal ditfusuvriv, the heat flow in

the v direction may be neglecied, and the temperature
distribution un a heat source of finite area can be
determi-ed by dividing the area into differential strips
parallel to the sliding direction; the temperature profile
along any strip is the same as that for an infinitely long
(in they direction) band source (for which naturally there
is iio heat flow in the) direction) of width equal to the
strip iength and having the same power density profile 0 u LO

as the strip. The situation is illustrated in Fig. 3 which
shows the ellipsoidal power density distribution, a differ- Fig. 4-The dimensionless function fR(u) which prescribes the shape
ential strip, and its equivalent semi-infinite band source, of the surface temperature profile across an infinitely fast moving band

source h- ing an elliptical power density profile. The leading edge of
To apply this method to our fast moving ellipsoidal the band is on the left.

heat source, we require an analytic expression for e
temperature profile across a band source having an ellip-

tical power density profile (a vertical section through an given almost exactly for 10 <vLia <' oc by multiplying
ellipsoid being an ellipsc). An exact analytic solution is the asymptotic (vL/a = oo) expression by the factor
not possible (2), however Blok (12) has derived an ap- 1 + u-1 /1 0.65(aivL) + 0.44(a/vL) 3/21. Assuming this
proximate expression whose accuracy improves asymptot- correction factor to be valid for the elliptical case as well,

ically with increasing vLa. where the band width is 2L. Eq. [8] becomes

Blok's relationship can be expressed most conveniently,
after a change of variable and rearrangement, as T() = 4Lq, (2 \"/2 (a /

2

3k -T VT,()=2 / 2aLu \ /2 P

-ff) '--L- -( , f1 q(x)ds, [7) (1 + u-/ [O.65(-) + O.44(-)3/2])R(u). [9]

where u = /2(1 + x/L), and the x in q(x) is replaced by c ? the g'nrprf~n n C:,e'nr et wtiv~i, in -

L[2u(l - s-') - 1]. Since q(x) = q,=0[l - (x/L)2J1 i 2, Eq. --- ___. e -,

[7] is an elliptic integral which reduces to (13) creases the maximum temperature and moves it toward
the origin.

(u) o [ 2aL 1/2 Following At chard's method, we now can write directly
Ts,(u) = .- f- f '-) Q(u), [8] the temperature distribution within a fast moving circular

heat source having an ellipsoidal power density distribu-

where O(u) (1 - u)K(u1/ 2) + '2u - 1)E(ul/ 2), and tion by setting L(y) = (R 2 y 2)112 and q.=0 = (3Q/2ir
Kare the complete of the R 2)[l - (y/R) 2 ] 1/2 = [3QL()/21R 3](seeFig.3).Thuswe

EuuE'2) ar h opeeelliptic integrals ofte have, from Eq. [9]
first and second kind, respectively, both of whose moduli
have the value u1/ 2. The function R(u) is plotted in Fig. 2Q . )'/2( [ (.-)
4. T,(X, y) = 1kR I + u-1/2[0.65

Cameron, et al. (6) showed that for a uniform (q(x) = P
constant) band source, the temperature profile T,(u) is +0.44 )3 2 ])3/ 2&)U(U) 1101

..,125 This expression holds for B = vRa > -10. For B = 10,
Y vi/a for the outer strips will be less than 10, however this

would not be expected to contribute a serious error be-
cause (a) the correction factor will hold approximately
for vLla < 10, and (b) the outer strips are only a small
fraction of the area of the source; e.g., L < R/2 for only
6% of the total area.

The maximum temperature and its location (xy) are

L= 1.852 Q at (0.652R, 0)= rRkB I /2 for the asymptotic case,

Pg. 3-1lmele view chewing the fast mosvin ellipsoldal pewee

density dlstibutlon, a differential strip wlth 4. leingth 2l1, end Its Te.m = 2.013 Q at (0.633R, 0) [121
equivelent em1-nfinlite band cource (width 2L). 7cRkB 1/ 2 for B = 10.

5'



I er.C'?r.i6 W.& Tiff ote If# ,iifl1* JW.A wi atitl the cocasu Auia. hr Vrten;as.;rv fi.ds of' he,
/ns, un, t and Jatu1san urfaT.s at thf interfa-- %.,mid be

ii ,i a, iiarsd ;I - n 41. ret. rrp~cinrv. .,here Tr aid
I p- , I.',. d are a, drhnt.d h% Lqh I I Nand [II However, it was

7 a 'ih w d pointed out by Hlok I I that if the temperature fields on
the two surfaces are to coincide over the entire contact,

06- +- I + + 1131 the ratio ot the two heat fluxes into the surfaces cannot
R&

5 B B" - be constant over the contact: assuming that the interfa-

For B 1t0, cial temperature field lies between a T(x, y) and (1 - a)'
T, (, f), then, in the regions where aT,. < (I - a)T, thefraction of the local frictional power entering the mov-

1.148 Q [ 141 ing body will have values greater than a, and conversely
.RB" "for the rest of the contact area. Thus the distributions over

the contact of aQand (I - o)Q will in fact be (a + Aa)
Thus, over the range of applicability of Eq [10]. the effect q(r) and [1 - (a + Aa)]q(r), where Aa is some unknown
of the correction factor is chiefly amplification of the function of x, y which expresses the deviation from the
temperature; thv translation of tie maximum is negligi- ellipsoidal heat flux distributions aq(r) and (I - a)q(r).
ble. For the asymptotic case, the maximum and average However, a reasonable and mathematically practical
temperatures are 16.1', and 4.3 higher, respectively, apprcimation to the resulting interfacial temperature
than those (3) for a circular uniform heat source, where field T(x,v) may be had by assuming that, since at a given
the maximum temperature occurs at the trailing edge point aTi, and (I - a)7, are linearly dependent on aQ
(R, 0). and (I - a)Q, the deviations in the two surface tempera-

tures caused by the heat flux deviations _.Aa(xy)q(r) are

SLIDING HERTZL N CONTACT similarly proportional to Aa(x, y)Q. Then

Now that we have both the stationary and high velocity ia + la(x, y)]T,(x, y) = Tlx, y)
surface temperature fields within an ellipsoidal heat = [1- a - Aa(x, v)]T,(x,y), [15]
source on a single surface, the task remains to determine
the steady-state interfacial temperature field for sliding and
Hertzian conract. We assume here that ihe iwo bodies

have the same bulk temperature (i.e., the temperature far 7Tx, y) B 1 -10). 116]
from the contact); the more general case will be treated +
in the next section. T,(x, ) T(x, y)

Assuming that ,vithin the contact area the gap between
the surfaces is sufficiently small, which obtains for "dry" Thus th interacial temperature feld in the circle ofcontact can be approximated by half the harmonic mean
sliding or boundary lubrication,1 there will be no tem-pertur diconinutyacross the interface. The moving2  of the two "single surface" temperature fields-that is,
perature discontinuity aco h nefc.Temvn2 the temperature fields which would exist if each bodybody will receive a greater fraction a of the total frictional the t e e ie f e ric tioul e r Q e a t,were to receive all of the frictional power Q. Note that,
power -' Qthan the stationary body, because the stationary due to the assumption leading to Eq. [15], T1x, y) is
side of the interface needs only enough power (1 - a)Q
to maintain the steady-state temperature field, while the Tee uent n w
moving side of the interface requires the greater amount
of power nQ to raise its temperature from the ambient plicity to the case where the two contacting bodies have

value to the higher values at the interface. As v increases, the same thermal constants k, a but can easily be followed

a proportionately greater area of the moving surface must through for dissimilar materials; the same arguments

be "brought up to temperature" per unit time, and thus hold.

the heat partition coeflicient a increases to accommodate -.(x,.Y) is a decrensing function of B, while7(xy) is
the increased power requirement; for the asymptotic case, independent of B. Thus from Eq. 115], as B- oo, Aa T,/
th inrAn T --+ 0, and T(x, y) -+ a T,(x, y), while a T,(, y)-+a -- 1. 7,(x, y). For the asymptotic case, 71x, y) = T,(x, y). This

Intoleoclal Ttmprcfuve is apparent in Fig. 5 which shows the profiles along the

If the frictional power density q(r) were to divide itself x axis to T, T, aT, (I - a)T plotted in the dimension-
between the two bodies in the ratio a/(I - a) everywhere less form (1rRk/Q)T(x, 0) for B = 10,100. The value ofa was calculated using Eq. 1231 derived below. Thus for

high velocities the temperature field of the stationary
'Thicker clastohydrodynamic lubricant films present a more complex surface is forced to conform to aT,(x, y), and the forn
problem (14, 15) of (I - a)T,(x, y) is of little consequence. Stated another
'The terms "moving" and "stationary" ae defined with respect to the of th - wi o ittle con equnerSae anotder
, br way, the power which flows across the interface in order
'Given here by the product of velocity, normal load, and coefficient to equalize the two temperature fields is, for large values
of frction. of B, a negligible fraction of the power aQ received by

52
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- ~ ~ ~ ~ ! L- i rcaF~8 Tt rji --anc- bT' and cav r apprt

- hfflatt, bj

/ ,/ -i.RAB T,(x., 0) - 0540 -0 0589B- -"A.  119!

,/ r" Finally, from Eqs. (161 1181 1191,

4%
/.M = 71., O) =

// 1.852Q0 .Rk

1.996 - 1.091B- ° 's"1 - 0.537B- 0 .271 + B 1/ 2

... . . . . ,.. (B > 10), 120]

W which provides a working formula for computing T,...

Heat Partition Coefficient
100 * -

.- , Over the element dxdy, the power entering the moving
body is (T/T,)q dx dy = q dx dy/[l + (T,/T,)]. Thus the

S ,.heat partition coefficient a is given by

QTff q dx ,. [21]

I+ 1+-.

0 xIR

ig. So, Sb-Surfce temperature profiles along the cntrline of a However, since this expression cannot be integrated

sliding HMtlan contact for two different sliding velocities. The leoding analytically, and, besides, it is only as good an approxi-
edge of the contact circle is on the left. T is the interfacial temperature, mation as Eq. 116], we offer the following alternate
Tr the tomperatur of the moving body If it were to receive all the method for determining a.
frictional heat, and aT,, II - j)T, are the two single surface tempera.
lures taking into account the partition of the heat. As 8 icreaos, The best approximation to the true value of a will be

I ' -- 7a til e V 4 1 u e w hIIA L '11 •. . . U -

perature fields of the two surfaces be identical over the
contact area. Thus an analytic approximation can be

the moving body, and thus T(x, y) does not significantly obtained by equating the mean temperatures of the two

depart from aT,,(x, y). Consequently the accuracy of the surfaces, as did Jaeger (2), giving

approximation 161 increases with B.

Since T,m,.. and T,m. both lie on the x axis, it can aT,,v = (1 - a)T.,s, [22]
be seen from Eq. [16] that the maximum interfacial
temperature T.u will'occur on the x'axis as well. Putting Substituting Eqs. [6] [13] yields
y = 0, L = r, r = Ixi - RI2u - 11, Eqs. [4] [10] [16]
give a_ 0.870B 1/ 2  (B > 10) [231

rRk I1- a t+1047 +0.774
-71x, 0) B B3'2

1 which expresses the manner in which a approaches unity
+83r (ffB/8)1/ f as B--o o. At the lower limit B = 10, a = 0.709; the

I - Y2(2u - 1)2 065 + 0.44 1 moving body receives roughly twice as much power as

Oau)l [+ B B/2 the stationary body.

S117 UNEQUAL BULK TEMPRATURD

In the preceding section, the bulk temperatures of the
which is plotted in Fig. 5 for B = 10,100. The position two sliding bodies were taken to be equal. In practice,
x. at which T,,. occurs, obtainable from Eq. 117], de- however, this condition seldom occurs. If the heat parti.

pends only on B and is equal to 0.652, 0.396R for tion coefficient a is greater than 1/2, and/or if the thermal
B = co,10, respectively. Over the range ao > B> 10, masses or heat loss characteristics of the two bodies are
T,(x . , 0) varies by 14% and can be approximated by the unequal, the difference between the bulk temperature will

expression increase asymptotically with time due to the frictional
heating. In addition, of course, external heating can

Q/wfRkTs(xz, 0) = 1.078 - 0.290r "-0.2. [181 contribute to the bulk temperature difference.
0



We w oraftei*ir tk Am of atiierual bulk wnsprva- a.qabmtw -a deffpo"NS 4A' &ai art mfa
wtumon the osrrfm Ii trnpertavuro- held In Adiu to iFrM q17k
the fncimnul poster Mn,nirs it too ith foxiie% from the
interface. thotie is now an amiount of pouvr Q. which flow% A
from the notter bodv acro~s the iiienace into the culder T1 X Y)
body. The situation i% illuittrated in Flit h viliere, remem- wx .P + I ( a> 1% [.281
berinig that the symbol T rreer to the temperature in- + -

crease above the bulk tentperatut-r arid dlesignating absio- ~) T(,
lute temperature by the symb~ol 0, tjiit, Y) is the absolute As ,3efare, O(x, y) is independent of 13.
interfacial t-miperature field, and 81v - O are the two bulk As B- =A 8x, r) - Oft, I (,1T.(X-,y))T.r'_Y)
temperatures (assumed to be uniform far from the inter- Thus when the bulk temperatures are unequal, the inter-
face). The form of the heat flux distribution q,(x, _Y) is facial temperature field for the asymptotic case no longer
indeterminate. However, if we assume q,(.r, v) to be ellip. conforms to T'v(x, 'V). In addition, T1/xl, y) -o0, hence
soidal, then Qj& and 0 become additive, greatly simplifyving O(.T Y) - Or
ihe mathematics. effectively Q, only alters the heat parti- In Fig. 7 the relative Values Of enx ON, obs are plotted
tion coefficient a. As long as Qb is sufficiently less than as functions of the dimensionless bulk temperature differ-

Qthe error due to assuming an arbitrary sperific lb ence G = 7.Rk.0b 'Q over the range - 1.3 < G < 1.3 for
(x, y) distributior will be small. Taking Qb to be positive B = 10,100. The horizontal line is the average bulk tern-
%shen it flows from the moving body to the stationary perature + 06,). As B4 -- 0 maz.. _+ 04 and this
body, we define a parameter ft such that trend may be seen in the plot. The location x., of the

maximum interfacial temperature on the x axis varies
Qb=(a - 13)Q [241 with Gas shown in Fig. 8. When G = + 1. 178, 0. = ON,

Thus whn 8. - b. A 0, 5 =0 ad ft= a Qb for all values of B, and 0... is situated at the centet J~

and hence a - 11 have the same sign as A. The net heat
flow from the interface into the moving body is

aQ -Q 5 = #Q [251

ard the net heat flow into the stationary body is
0.1

(1a)Q + Qb=( )Q 1261 G

TIhus 13 is the effective heat partition coefficient. Note
that, whereas a ranges only front ' (when B = 0) to unity
(when B = oc), ft can have any value, positive or nega-
tive, depending on -,

'I he absolute interfacial temperature field 0(x, 0' can
be derived as in ltme preceding section; the sanme argu- G
ments apply. Eq. 1 151 becomes

Fig. ?-Relative values of the maximum interfacial temperature and
+ .~~xy)JT(x,,) e~, G~x .~the two bulk temperatures plotted as functions of the dimenssionless

1fl "OX- )IT.X- + bt, CX Y)bulk temperature difference 0 for two different sliding velocities.
= 1- ft - Aa(x. y)Joi,.Y) + Ob, [271

Note that the single surface temperature fields /?T,,(., .0
or (I - 03)7'(x y) will be negative (cooler than the bulk
temperature) when heat flows out of the respective body-

... .. .. .s

0t 0,

B.. as0

Iw. '-Sch4emtio: representation of the heat flew at the sliding linter. fig. 1-4oecatien of the max~imum Interfacilt temperature on the coin-
h541 0 is the frictional power, and 0, is theo heat slew resultinsg from terines as.a function of the hulk temperaeture difference. The ordinate

the hulk temperature difference .10 i, 0&tI. '.0 Is the trailing edgeo, end 0 is the center.
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d swm tw A MG dtraw,% tow arowd sw t= f, + ffj* + '.T,u. j) 361
uadg edge o: the contact 'It 0).
Tie elfective hea parttion coefficient is given by Eq. [351 is also applicable to the oni-dimernional prblem

of a sliding/mlling Herizian contact band suth as would

POfQ f 11? qAt ), ~ff - & - 19 resl from contact between gear teeth or cylinders, itere,
=, = .T r.. r, + 11 T,(x), T7,(x) are of the form of Eq. 19).

The maximum interfacial temperature Tm. is usually
However, as in the preceding section, we can obtain an the most useful single quantity and the one most often
analytic expressio;, for # by equating the average tern- referrtd to as the flash temperature. In his landmark
peratures of the two surfaces over the contact area. Thus, paper on flash temperature. Blok (1) derived, for a circu-

9lar contact area with a uniform power density distribu-
+ -)T.,g, + ob. 1301 tion, an expression for T.. based on the two assumptions

which, together with Eqs. [221 [6]. gives aT,(R, 0) (I - a)T,(O, 0) [ '

P = I - 1.132G [311 and 
I

i - l l._...a~+ 1.132G ( a

... = /2[aTi(0, 0) + (I - a)T,(O, 0)]. 1381

where (I - a)/a is as given by Eq. [23]. Rearrangi g Although the heat partition criterion 1371 is convenient
Eqs. [24] and [311, in that it does not require knowledge of the complete

QbQ - .132aG, [321 functions T.(x, y) and T,(x. y), it seems a rather poor
approximation to the condition that th" temperature

= - 1.132aG; [33) distributions of the two surfaces must coincide over the
entire contact area. The assumption [38] neglects the fact

thus both P3 and the ratio Qb/Q are linear in , the that at high velocities T approaches 7. as shown earlier,
constants depending only on . and, in addition, it is likely that 7'"a occurs at a point

nearer to the trailing edge (R, 0) than to the center (0.0).
However, as Blok's equation is the one commonly used

DISCUSSION to calculate flash temperatures, it is the logical equation
A number of cases where both surfaces move with re- with w4ic. t ,

spect to the contact can be treated by the method of this The equation derived by Blok (1) for B > -20 is

paper. Jaeger (2) showed that for low velocities (B <
-0.2) the moving single surface temperature distribution T.ax = i .362Q!"rRk 1391
may be approximated by that for a stationary source. 1.596 + B1,2

Thus, designating the velocities of the two bodies with
respect to the contact area by v, v2 , we can determine The ratio of Eq. 1201 to Eq. [39i is 1.33 for b = 100 and
9(x, y) for any combination of values of B,, B2 greater 1.38 for B = 10, the lower limit of applicability of
than + 10, less than - 10, and from -0.2 to +0.2. When Eq. [201.
B2 > 10, B, can range from -0.2 to +0.2 without in- Experimental support for the validity of Eq. 1201 is
validating the results of the previous sections. When both contained in data presented by Fein 17, 18f. who found
IB, It I21 < 0.2, T, is replaced by T,, and Eq. [281 a discrepancy between lubricant transition temperatures
becomes in a slow speed pin-on-disc machine and those determined

by calculating, using Blok's equation, 7. at the transi-
C, 1/(9 + Of.) + /3 T"(x, y). [341 tion point in a 4-ball machine where the parameter B

was in the vicinity of 10. He further showed that this
When both I Bt, IB2 > 10, O(x, y) will be given by discrepancy could he eliminated hv nultiplYing the nu-

merator of Eq. 1391 by 1.33 which compares favorablv
- T(x. with the ratio 1.38 between Ecs. 1201. 13111 at It = 1().

8)I 351 It should be noted ii passing that a coninlv over-
+ looked factos in the calculation of flash tempt a4ture isTI(Jx, ) T.2(x, y) the fact that the value of the thermal conductivity A (to

which the thermal dilfusivity a is proportional) can Var.

If &t, ut are of opposite sign, T.(x, y) must be replaced markedly with composition, thermal history, and tern.
by T.2(-X, y). For the case of pure rolling contact' perature 'or example. the values of A for various typical
(Pt = 2), Eq. 1351 becomes iron alloys listed in Table I (19) are seen to vary 1lhrouigh

'it should be noted that, for pure rollinR in the absence of a hvdri- frormly cver a m.i %uhose eltr tive rAdiiu from the reie ht of ow.%Il
dynamic lubricant him. the fricionail power conisi praunariv u he Iprhap'!# o n ,rfR, lro I tic ellili udal lniuii i k,..;rr oj%

hysteresis in the elastic deforrmaion cycle and is distributed oltilioinl. shelvhit, b A ir | i. uai ¢ 4ppimiitli, n thllhere I% oult %|lihit
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AaLoy Tyrt C Mn St Cr N8 OnTHa (CaliisWit C)

Pure iron .178

Cast iron 1.16 .57 1.5412

Carb steel 2 3 .64 .124

Carbon steel 1.22 .35 log8

Alloy steel .34 .55 .78 3153 Mo 39 .079

Cu .05
Ti tool stert .70 4.0 W18.0 .058

VI .0
Stainless tyvpe 410 .15 1.0 1.0 11.5-13.5 .057
Stainless type 304 .08 2.0 1.0 18.0-20.0 8.0-12,0 .036

a factor of 5. For EN 31 or AISI 52100 steel. generally alters the heat partition coefficient and the magnitude
used in the fully' hardened state f'or bearing components. and shape of the interfacial temperature field. As B -- 0c,

tempering duec to frictional heating could result in as the interfacial temperature approaches the bulk temper-
much as a 67'"f increase in k above its value for the ature of the moving body.
as-received fully hardened condition (20). The expression derived for the maximum fiazh tem-

perature To, gives a value from 33'% to 38'7 greater

CONCLUSIONS (depending on the value of B) than Blok's widely used
formula ()

An analy tic expression for the steady-state inteit'acial
temperature field within an unlubricated (or boundary,-
lubricated) sliding circular Hertzian contact has been ACKNOWLEDGMENTS
derived in terms 4 the totai irititnai power, veiocity, 'hswr a efre spr farsac rga
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(11=0), as, for example. in the 4-ball machine, and &Ce c. ehooy
where L' > l9a R, although the relationships derived &Cei~ ohooy
Vvuuld koul, ito c d i c'e f dt .Lud Of C01 lkiwct
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A Critical Survey of Mathematical
Models for Boundary Lubrication

A. BEERBONVER
Government Research Laboratory

Esso Research and Engineering Co,, Linden. New Jersey 07036

The various equations representing special cases of boundary bearings, and to include all liquid lubrication even when
lubrication are examined and grouped as "mnodels" T he study the liquid is thickened to a grease or a solid additive is
indicates that there are no serious i .nconsi stenci.es, but that each prescrnt. The load regime is defined by) the zone XY in

model is so serious!;' limited in iti coveraV,' that large grps exist Fig. 1, w-here "relative load" may be taken as the force,

i .n coverage. Afethodi for closure qf these qops are szeggetsed and generalized in regard to geometry requircd to produce

nnmni'cally explored to a limited extent. Hope is3 extended! that the wear ceffects illustrated.
-As study proceeded, it became necessary to recognize

in the near future it axi!! be possible to compute vear .rates/rumn additional regimecs. Tile first of' thesc is A,1A'. in which thle
basic physical f'o/:ertirs without actual esperirnentation on the oria aseite intrfee with the clastohydrodynanue
specific lubricant ant" stuf aces. This would cwistiuzte a useful n('u, tixturirlyaeotbgi.i illX ii ~ s utate r sinootheCoutb
systemfor machine element design. one or more "break-in" processes. Tlhis "running in",

regime is transitory in t'ime but of' vital importance. If
INTRODUCTION the processes include chemical reactions, the regime of

rlasohydodyairlc lurictionmodes frm i rca- "corrosi'.e Iwear" extends front A to B?. IThe position of'
Elasohyrodnarnc lbriatio moelsforma ra- R is highly v'ariable; with very inert systems it mnay lie

sonably well integrated matr ix, but those r'elated to a ,wiewt eyats
bouindary lubrication are isolated and ispparently incori- it s, hial wihv cie EIP(extremec pressuire) agents

it hifs ll heway to Z'. In ordinal,% systemns, it lies
sisteflt. However, there are rnough of them to justify a btenNad iadteI iskona a(l-
serious attempt at unification. The scope of this project bewenar." Kialy adte BI',i i nw a a

was ~ ~ ~ ~ ~ ~ ~ ~ sv selec.e toalv atcud Yry soitilhuriain nras s is art abrtupt transition to
wasselcte toexcudedrysold flil lurictio an ga 4.scuffing wear" o'r "scoiring." 'Ihe( )Z regime is of little

presented as an Amnericcun Society of Lubrication Engineers paper at interest to the operator of successftully lubricated mna-
the ASW 'ASLE Lubrication Conference hold in Cincinnati, Ohio, chines, but thle exact location of' Y is of great inlterest to

0-tober 13-15, 1970 designers.

No%.iAC LATUITR .S/P polar soluibility porameltcr (cal/crY

a itctioiial filiri defeci (for additis. in Nlodel 11 C~d slidiing clisiaine ((cIll)
At Cross-sctiolial a: ea of' wrar tracrk (ui 2 ) d, vro wear slidinig dlistance fLill)

A, = work oif adliesiol (rgz'crin) D. suirace iroughtiess, pvak tol peak (it iin or jt il)
Pf= ft act jonal blask .fil fli ho de'fect divlct ric (const1antt Of ll hi'ievr

=electric chargivig Crleigy oif irlctal (ergs,'ciur 2) F=htofdsrtn Iinul oi t vg5, fill')

Y (I + I lp,)0  AE differenice inl heat ofa*dso' tiot 110 (I 1lit iv. F and liase
YO surface frve enrivgy of licluid estrapolatod it, 0'K fluid (Eh)

(ergs,'c; . ) *.X O toung's tmitiduIIs or solirisi (psi)
y, srfarr five eniizrs of sol id (rg il)G =al Iowva I fraction Of TfinAT Wrri lr

Y , %Il 51 face live erlergv of otui Io e It~s e in2 ) G, G foi 2000 I Ii v5

y ."iruteifaA ialrt tie rtr (ur ,, iniA
11 h- Pla k's o''istalt 165 10 I) vi g si.)

r = adltlS( voit uIIIl I'm ill ilo action I f I ter n iavdt;t dtllsr<..I 6ll Or kill)
tllt%tats in ii ou wea 'll utui & loltiziiaii's viollt'ilt ( 1. 1 Id lo- rgs, (leg CI(

husvgerl cuuIItcrltrIAiiot iii lufmrai (girl gul) "w''.at coueliriit" 'm Itiilll'-iial lolitact areav
Si , Londonr tout' '..llilility liaurrrtntcr (val ti '~ 1&, thuerrull ctrll:cities (c.1 vt -( 111 (1)
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ew.s or u~M'AT"O these have been rounded up and screened into somec
coherence by MacGregor et al (4) and by Rowe (5). These
will be referred to as Model I and Model 11 respect ively.
In addition to these, it is necessary to consider a third
rr-'del which has not yvt been completely formulated.
Model III is based on the general concept of irrevcrsable

S y reactions. These include the formation of "friction poly-

elo mer' a material generated under conditions of low wear
- - from the b'sse stocks, apparently by catalytic action ofI freshly sheared metal surfaces. A fourth mcdel came to

uin~AiO~ ~the wrifter's attention too late for complete analysis at

0 A X z present, and a fifth is given minor attention as a special-
niLilIW t.0" purpose matter.

Fig. 1-Rtegimes of lubrication.

BASIS OF MODEL I

As a useful simplification, it was decided to eliminate, This model is the result of a great deal of exper-inientai
at least for the present analy~is, the possibility of foreign work at IBM, an account of which is given by Bayer (6,
.Alra~ivc contaminants reaching the wearing surfaces. It 7, 8). It may be described as essentially geometric and
t%.t% also assumed that the lubricant was adequately in- empirical, though a definite relationship to the Archard
hsihied against bulk oxidation and that changes due to wear and Palmrgren fatigue equations has since been
thriimal decomposition were negligible. However, a full established. Only four ,ornetimes three) "grades" of

f .111Le (of atmospheres was accepted as a necessary part lubricant are con'sidered. These were selected to covet' the
f tle job, with those more corrosive than humid air being range of oils commonly encountered, along with the dns
i t,;side temporarily. Also temporarily, the ambient at- situation. Of course, this constraint is veryv irksome to

intt'sphcric pressure was set at one atmosphere. Thus, the those concerned with lubricant development, especially
-Aupe includes break-in, (/) corrosive wear due to lubri- since no means is provided for interpolation or extrapo-
.Int or to atmospheric 02 + H 20, (2) adhesive wear and lation to othcr grades of oil or grease beyond assuming

trtinn rliflf T - ion f3N.' Th~e effec, -. iubric-tion on .i t nig -v;. wl ot it ', dt: et te. Athter' seriouts
fastitue, except as it marks a limiting condition, does not limitation is that it is not possible to adjust the 11mde
Sce-ni to be ready for this type of consideration. for environmental conditions, these being prteselected a.

air at one atmosphere, 30% relative huinidity, and a

MODELS temperature of about 22 C. It is assumed that speeds will
be kept low enough that surface temperatures will not

Strictly speaking, any equation relating to boundary be significantly above ambient, so there is no adjustability
lubrication could be considered a "model" and, therefore, for speed. A four-th limitation is that parameters most be
dr-4serving of separate handling. Fortunately, many of looked up for specific material pairs or couples. TIhere is

A1. : interfacial wetting factor S = distance travcled per revolution or stroke (in or cmi)
m tast diffusivitv (cmn2/SeC) rimal = maximunm shear stress in contact area (psi)

I=numbecr of revolutions or strokes I.-yield stress in shear of solid (psi)
t. =I for zero wear period t time (see)

I' cotieffict of friction to vibrational time of adsorbed mnolecule (see)
exlincrit in finite wear equation t,~ = ratio of 1, values fur additiv'e and base fluid
molecular weight (gml)7 critical temperatures of luibricant ('K)

ri= Poisont's ratio of solids 71, = bulk tempterature of lubricant ('K)j nujilxr ofnmolecules per utnit area (cm- 2) Tm. nclting point oif lubricant ('K)
1111111w ofpa~ss 7 temperature of surface ('K)

N% foir ztmro wear 7', =transition templerature at sculling (*K)
- I imartial pressure of preferred component 8 contact angle (deg)( ' Ilo%% Ine(%ire of metal tinder static loading (gm/cm2 or U =sliding velocity (cm 'sec)

Le min") UB lubricant flow %elocity, average, into gap) (cm/see)
frartiolml surface coverage by additive V =wear volumecs (cm')

I tiliiun stress in I lertz contact area (psi) V= miolar volume (cm-/mol)
m lita if %urface formation (crgs/cmi2) 1W load (gits or lbs)J -iu f ipltciicj I membier (in flr cmn) uiwidth of wear t.:ttek (cit or- in)

timlgm otstant (catl/miole 'K) u,, it for end of ?.eiot wear periodI milisis of oil (gill/cc) x ratio of toola r d iamntvt's%
p at OPF 15,C) X diameter of adsorbed tanlecuile (('in)

t-1m1 ettn(ftupv oiange associated with adsorption (eu) =clearance of laa, ing (cmn)

4iaI Lcw t
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a wide selection of alloys, and also plastics for one mem- Use of the model is by stepwise calculation. Fir-st, the
ber of the pair, but only three metals are available for contact stress T.,, is calculated from the Hertz formula
the other member: 52100 steel, 302 stainless steel and a appropriate to tie geometry, the loat,, the radii of curva-

65/35 brass. It is possible to make limited adjustments ture, the Young's modulu: ,nd Poisson's ratio of the

in this part of the model; for instance, the same alloy maerials and the cc-fficient of friction of the system, F.

heat-treated to a different hardness, or plated on a differ- A stress concentration factor may be used to correct the

ent metal substrate can be handled. However, this re- Hertz formula for sharp corners, and non-Hertz cases can

quires the assumption that the coeflicient of friction is also be handled. Values of F must be looked up from the

the same as for the material listed, which is hard to justify. same table as G, obtained experimentally or estimated

The reasons for these limitations lie partly in the history by analogy from listed systems.

of the model. It was developed primarily for use in de- The number of passes for zero wear (NO) in passes may

signing business machines to operate in air-conditioned be estimated by combining Inequality [1] and Equa-

offices. Release to the general engineering public was a tion [21.
later consideration, and apparently sufficient warnings of

its limited applicability %%ere not included. As a result, N 0  [3]

lubrication engineers have tended to criticize Model I for o 2[:

not serving purposes clearly outside its scope, rather than
looking to see ,k what directions it needs to be extended. However, the lifetime of each member must be con-

The authors (9) (it) not plan to extend the model as it sidered separately. For the "fixed spot" member, on which

already serves the original purpose at IBM. However, the contact spot does not move, the zero-wear travel do
they suggested that anyone interested in doing ,so could in inches of relative travel is given by

prepare tables for other temperatures and humidities.

Plastics in particular need such special handling. do = SLo = IINo  [4]
'[he limited version available has two levels. Model IA

is for design at the "zero wear" level, defined as damage where 11 is the length of the Hertz contact spot in the

low enough not to change tire original surface roughness. direction of travel, S the distance traveled per revolution

This may be considered to he a means of locating point or stroke and L0 the lifetime in revolutions or strokes.

A in Fig. 1. Model IB is for finite wear, and is further or the "moving spot" member, on which the contact

subdivided into two types of wear apparently corre- spot keeps moving,

sponcling to regimes .B and BY.

Both models are tied to a concept of unit travel called

a "pass" and defi ed as the distance of sliding equal to

the Hertz contact area dimension in tile direction of

motion, The lower of these d, values is taken as the lifetime of
the system. Failure at this point is believed to be by

fatigue (8).
ANALYSIS OF MODEL IA It is not possible to do a great deal of mathematical

This model uses the criterion for zero wear that the testing on Model IA, as the only inputs are load, geome-

maximum shear stress in the contact area ",,aL must be try, properties of the two materials and F The value of

smaller than a certain fraction, G, of the yield stress in GR is attomatically selected from the tables (-4) or esti-

shear of the material, T.. I lence, the following inequality mated to be 0.20. For an example, the ball-on-plane

defines "zero wear conditions": geometry of Rowe (5) and Bayer (6) may be put through

• 14- " some comnpttations. Unfortunately, no fixed F value for

"m.x ( J Q [1l Rowe's copper (hemii-)sphere is available, but the range
0.26 to 0.57 can be reconstituted from his paper. lie gives

When the number of passes (A') is 200(06 has the hardness values for his copper and steel (if 88 and 220

reference value CR. (, can have one of three possible kg/im 2 respectively.

values, depending on the nmaterials and hbricant. For full The equations for the sphere are (13)

hydrodynamic lubrication (; = 1.00. For boundary

lubrication GR = 0 54 designates systems with low sus- Tmax = q0 [I - 2v) 2/16] + F2 16]

ceptibility to transfer and (R = 0.20 for those with high

susceptibilitv. No systemts showing (:R values intermediate where q0 is the tnaxitnum stress in the T . ertz contact
bten02ad0 .54 haveever been detected, indlicating Hetzcntc

between .20 ad0 hen a ca and rt is Poisson's ratio for the metal of the sphere.

that these represent different sub-regitcs. Values of (GtR For this geometry
are tabulated (4) for over 500 systems, and for unlisted

systems (. --0.20 is usually a-surned. "or A' 2t)00
t~a.mes, q 6 1'] 1/3 17

; (=;) I [21 K] +[
( L2
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Where H' is the load, El, and E2 are Young's modulus zero-wear condition described in Equation (3). The wear
for sphere and plane, and r is the radius of the sphere on the first surface is predict'.d by a difrerential equation
(0.312 cm or 0.123 in). which is basically a statement that wear is a function of'
By definition the energy dissipated per pass:

6 WIe2  [81 d1A .. W)912 j = 'dN [101

ForCopper,E, = 16.5 X 106, I, = 0. 34,ri = 12,8 00pse; This equation can be integrated only for specific situa-
for Steel, E2 = 30 X 106, P2 = 0.30; System G. = 0.20 tions, of which only the Rowe example used above will
(the conservative assumption). be illustrated. Converting A,, the cross-sectional area of

With these inserted, the minimum zero wear travel of the wear track, to the more useful wear track width (in
this system in inches is this case, equal to ball scar diameter) is done by an

d 8.68 x 10 -L5 approximation based on a triangular area formula
= 

2
.
67 (0.0064 + F 2 )4

.
5 0  [9] U 3

A, Z - fill
16rI This was evaluated for the loads and F values shownin Table 1. The loads are coniderablv below Rowe's Wear on the ball results in a flat-to-flat geometry, so

range, to avoid the criterion do < 11 (16). This is not that
clearly expressed in the published versions (4,7) though F2 0 5

it is implicit in inequality Il ]. Thep values cover the entire 1, t = 4W(0.25 + 112]
-ange from MacGregor's lowest to Rowe's highest. 77W

We may conclude that Model IA is useful in locating
point A in Fig. I but needs generalization. The extreme Making these substitutions and integrating for ball
sensitivity of d. to F creates a problem, and a more so- wear,
phisticated method fhr estimating F would be highly = CLrS)ol11o. 30(O.25 + F2)026 5  [13]
desirable.

where C includes the original C' times several numerical
EVALUATION OF MODEL lB constants. Neither C' nor Ccan be developed directly from

This man as to material properties.Thsmodel (7) requires animmediate decision a o By establishing a foi maization of the definition of zero

the type of wear anticipated, not by an analytic or coin- By establish a uef e tionshipze -

puter process, but based on the experience of the user or wear, it is possible to establish a useful relationship be-
tween Models IA and Ill. Tlhis is done by dlefining theon a quick simulative experiment. There are two possible

modes; one involve. high transfer of material from one depth of the "zero" wear scar as half the surface rough-

surface to the other. If this corresponch- to regime )' ncss, D. From this and the triangle approximation, the

in Fig. 1, it would be outside the scope of this study. zero wear scar width

However, as shown under Model liA. it corresponds to To = (8?D) 1/2  114)
the "Archard wear law" under conditions obviously re-
lated to corrosive wear. The other, with little or no trans- Assuming that all the other factors in Equation 11.11
fer, can be analysed by using many of the factors already remain constant
considered in Model IA. It must be recognized at the start
that only one of the surfaces is expected to show finite T= T( "L 1 [15]
wear, while the ther one is expected to remain in the

TAlu. I --PREDICTFI.u ZERO WEAR 'TRAVEl, (in) FOR COPPE'R BAI.I. ON STEEl. DISK

ov Faier."io
(F): .08 .16 .24 .32 .40 .48 .56 .64

LOAD (It')
Pov.-ts

.Sol 206. 4.63 0.205 1.18 X 10 2 2,78 X10 . - i- ) - 14 X 10 , 4.50 x 10 "

.004 7.10 0.115 2.08 X 10 t x 10 6.8 .
! 
X 0

-
5 1.AI X t0 :1 63 X l0" 1.16 X 10.6

.015 0.20.) 3.38 x 10 3  
. X IIll 1,37 x H) 5 2,03 x 10 6 t.1, x it' 107 x 10 T .29 Y 10

.065 419 X 10 - j 6.70 x It) 3.W X |t)-r  275 x 10 1  4.06 x 10 N 8.31 X 10t, '2 X 0 6.58 X it) it

.250 1.15 X 0
" 6  1.86 ) 10.6 8.24 X 10 7.57 X 101 1.12 X 10 2.'., X Ill t !.1

0 
X t0 1.81 X 10 it

Note: All values Welow the line are unreliahhI by the crirterin d, < 11 (lti),

90
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%-here Ii is 0. 118 for ball wear and 0.1:33 for plane wear. in Table 2. Rowe's copper sphere roughness of 1micro.
In the high transfer regimer, these exponents are 0.25 and inch RMS was converted to 2.8 mnicroinches peak-to-
0.33 respectively. As shown under Mlodel IlA, in = 0.25 peak. To provide results comparab]e to hi, the prora
is equivalent to the "Archard wear law." was set up to read out in 17/d, using the proper geometri-

It has been demonstrated that L. is independent of cat formula to convert 7'to V.* The d values were selected
surface finish (14) it is proper to substitute the L1, value to cover Rowe's ranges of 3 to 20 hours at 0.1 to 100
obtained from Equation 131 into Equation [1131 as this cm/sec.
point retwrescnts the intersection of the zeroi wear line with The results compare very- favorably with Rowe's Fig.
the finuie wear curve. 'iiis is a discontinuity, where the 4, where the lightest load gives a value of I"/'dWy of
ball ceases to have a spherical contact on the plane. 1.2 X 10"~ cc/crn-g. Transforming Table 11 to the same
Another discontinuity comes vwhen the second member units, we find that for P* = 6.24 and d = 100 cm (3900
starts to wvear, and Equation [ 131 is not applicable above in), the values of this function vary fromn 1.3 x 10-12 at
this point, the lightest load to 2.3 x 10--l- at the first load beyond

It is evident that Equat ion 11:31 shows a much greater the do < 11 criterion, Similar calculations for i = 0.250
dependence of wear on surface finish than most inivesti- gave valutes of 2 X 10 41 and 3 X 10', respectively,
gator% find in the boundary regimes 1/0). Bayer's tying indicating that mn = 0.118 was the proper choice despite
D to the coarser surface (7) has been reconsidered and Rowe's assumption of the "Archard law."
the writer believes it best to use the roughness of the
surface expected to first show, wear. TIhis is necessary by
the definition 1141 and is conipatible with the general BASIS OF MODEL 11
nature of adhesive wear. It is important to ulse peak-,,, The Rowe model was presented i he aeso
peak values for 1). I1f only root -mean-square values are icesndgrsofopslcain thre paper. ts ofse
available, they should be multiplied by 2 V2_ to con- neangdresosphsiton(,1,2)Itsbsd

vert hem.on reversible adsorption. The basic equation is an adapta-

There is a case In which the roughntess of the non- to fte"rhr erlw

wearing suirface is significant,. but it is so3 special as to he V kaI
outside the scope of this studs'. It is usually the resuilt ofV k~YfW
very poor design in wshich the harder memiber acts as a1 d " 11I61

file on the softer one. This is known as "two-body abrasive
wear , and is set aside' alon~g with t1e Simlilai' Cast' ik where A, is a dimensionluss wear coeflicicit descriptive
which hlard foreign mnatter emibeds in one surface to create of the surfaces, IV the load and Pm the flow pressure under
thle "file." static loading. The other factors are obtained as follows:

TIhe result of computation usin~g M'odel lB with the
samne cotnditions as for ziero wear in T'Eble I arc showsn y = (I + 3F2)0 .5 [I7

iAHLF. 2- PREDICTED WEAR RAITES FOR MIODEL. III (cm3,/Ci)

(1ks) DISIA\CI. (ill) .08 .16 24 .32 .40 .48 .56 64

0o0l 3,900 9.5 X 10-1 80 x~ too1 7.1 x to 13 2.2 x It0 i2 4.6 x 10-12 4~h x 10-12 1.7 X IC 1l 2.9 X 10-11
0.014 3.'10i 4.2 x 10 1:1 1 4 X 1fl -3 .7. x 10.1 I J X Ii 2.4 X 10-11 5.0 x t0-il 95 x to 11 1.6 X 10-1

0O0t5 3,900 7.4 x 1tt 13 413 X II) 1 Ii' 5.1 x ii0 1' 1.2 x 10)11) 2.6 x to 10 5.0 x 10-1f 8.7 X 10 'l0
ot~h' 3,9oo -4 J x_1 2A ' .xW t0 1. to Ii" 30 2 X 10-10 7.8 x 10-10 1.7 X td " 3.2 x 10O'' 5.5 x 1o-'

020 3,900 1 Ix to 111. o 10 5.0i~ X Il 11) 1.x to'9 4.3 x to.9 9.2 x 10h 1.8 x i0 M 3.1 x t0O8

0 001 3'1,0)o 4 6 X It0 1 5.1 X 0t 2A 10 " 5 2 X t10 t. X 10~ '12.6 x t0-'I 4.8 x 30,12 8.6 x 10-12

004 39'(0~) I 0 )( to 3 2, x It) 13 91) x to t '1 x 10 7.0 x 10t2 1.5 x to0 2.8 x 1 0 14.9 x 10 It
0015 39,000~ 1.7 x 10 131 1 x to) 4t 8 x 11) $2 1.5 X 10 i1 3.7 X lW Il 7.8 x 10" 1A5 X 10,' 2. 6 X 10 i0
o1i" 390N'ii) I.I x 10 1, 7io x to 10o x III 9A x 10 it 2.3 x 10-10 5.0 x 10, 11 9.5 x 10'10 13 x t0-"
0?S0 39,01.) S xIt0)" 3 8 I) lx 101x 1t 5, x 10 1 1.3 x 10's 2.8 Xt10 5.3 x 1t0-' 9.4 x 10 9

iol ) I 3o,000o 65 xlioiV 14 x It) 14 S 2 X II 141x In'VI JA6 It .0 f x 10 11 .13x to "" jx Ito 12
014)1 tlojoll 1 7x 10 1 6.4~ v Ill 1 2 7 x Wl ["H Nix t10-il " I' x 1i) 4.4 x. It), 1 81 x tO IA1. x 10 11

ttIi 51) x li 'I I x1 Ili 1 4 x I0) 4A X 1 1? 1.1 x I10 2.3 X 11 4.1 X t0i 7.7 xl10 ii
0 oo x 111 13 f '.11I x tIli 'it x 111 1 2.8 x 110 kI7 0' toi 0 .5X t.0"1 2 8 xt 101 O50X to"1

11 s. 0 .t.10 jN4) 16 x 10 12 1 1 x 14)1 ~0X Ii) i Itx It)0 x o ill 4 x t o 4 10) 16 Xt 0 3nx 11) 'O )9

N.,t NH%,&w trt-wthe itl ai mirlt-ble6Y 'll'-le-11 Ill i91
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Tbecconstant 3 is from the von Mises equation for two It must be mentioned that de Boer (14) has recently taken
dimensional plastic flow. Spurr (13) has further justified considerable exception to the practice of regarding t. as
this value. the vibration time. He finds that for adsorbed gases,

The fractional surface film defect is to = h/kT where h is Plank's and k Boltzman's constant.
Liquids show lower values by a multiplier which is very

p r --x exp (- ERT,) 1difficult to predict.
S- exp .- x)U [18 Values of F cannot be predicted with any degree of

certainty. Many values can be picked up from Mac-

where X is the diameter of the spot associated with an Gregor's Table 111-3. Fortunately, values of y are not

adsorbed molecule, E the heat of adsorption, R the gas subject to even as much variation as those of F, which

constant and U the sfiding velocity, range only from 0.08 to 0.29 in MacGregor's lubricated

The surface temperature is systems. (Values up to 0.39 on Be-Cu seem to be a rare
exception.) Hence, y = 1.06 covers all his data with _5%

(WP )0 .5  error, though Rowe found 1.1 < y < 1.4 for his system. .
T, -- Tb + 1.040 X -10-F m [19] To predict the effects of this variation on T,, we may

(k, + k2) use Rowe's example of copper on steel at 10 cr/sec,

where T is the:bulk !ubricant temperature and k1 and 4000 g and 311 K. The temperature rise would be only

k2 the thermal conductivities of both surfaces. This is the 1.5 to 5.5"K over the range of y from 0.08 to 0.29. At his

well-accepted "surface temperature rise" equation. maximum speed of 100 cm/sec, the rise would be 15 to

Tle fundamental time of vibration of an adsorbed 55"K, so that T, would be 346 - 17.5 0K. Thus, again

moleculk is a fixed value of .- 0.175 would only iesult in about
-t5% errot We cannot be complacent about this, how-

113MV2130.5 ever, as processing these values through Eq. [18] results
to = 4.75 x 10-13 T . [20] in a seven-fold range in a, the fractio, of lubricant film

Tm ) defects, and hence in wear rate.

where Mt is the molecular weight of the lubricant, lm its Some hope for a more exact input may be derived from

molecular volume and T" its melting point. Spurr (15), who arrived at an equation

. p=0T[231

ANALYSIS OF MODEL IIA p[237

All of these input values can be estimated or are known where T. is the yield stress in shear of the softer material,
quite pre.cisely. Rowe tested this equation by back- 0. and 8, are the contact angles of water on the rider and
calculating from wear experiments, but the present plan specimen, or "fixed" and "moving spot" respectively,
is to use it for design purposes and then judge the results when lubricated with a partial film of stearic acid. His
against both general and anomalous experience. For this measurement of P,, by Vickers hardness number is pre-
purpose one may regard 1I', 1!.M, [, and to as preselected sumably equivalent to Rowe's Diamond Pyramid I laid-
parameters. P. is obtainable firom the Diamond Pyramid ness and MacGregor's Microhardness. If so, "' is )btained
Hardness, Vickers Hardness Number, etc. or from Mac- from P,, by MacGregor's Fig. 111-3.
Gregor's Table 111-4 (4). k. has a theoretical value Spurr's reasoning points up a weak spot in Rowe's, in
for hemispherical wear particles of 0.33, shown by Rowe that the latter proceeded as if E were the same for copper
to be of the right order of tnagnitude. and iron, and that only the filn on one side of the contact 

The values of X are not so grnerally available, and it need be considered. To fulfill Rowe's definition of a,
is proposed to use a simpler parameter. (6\' ,/, which which is the same as Spurr's for cos 0, cos 0, it can be
S hs c ' , grea ei~i e'Wcting surface (rce proved by elementary probability theory that it must be
energies, This is the diameterofthe sphere associated %ith tile product of a, and a, which are equal to tile co 6,
%!;" surface molecule. Hence, and cos 0, respectively. l'hese can be calculated by

Equation 1181 or 1211 by using the appropriate P, and

a = I - exp (-E/R7) 1211 /=;, the heats ofadsorption on rider and speciinc" While
(3,1 X"10-M U(I' )0- this change in definition will not alfect cases near a I.
31,- ,r at the level n < 0.01 whih Rowe indicated to be of most

Values of T. are readily available for pure conpounds. interest it will produce a drastic change. In effect, exp
but for nmxtures such as lubricwiig oils they simply do I- /?'RT,) is replaced by exp( - (E, + EJ)'R7,) wi,, h for
not exist, (The pour point only indic,,es that enough wax similar metals is exp( -. 2E, 1T,). "T hus, Rowe's 4minnt-tily
ha, cotagulatcd to itel tile liquid.) I kn'e, in such cases stisl'factory value of F" = II 71't is cut in half. The alter-
a generalized nieltin point based on the critical or plseu- native is to accept a gteonetri itian definitio| n
docritical point will bt, used, V'n.4" which would pieseive the value of E at -iue i

expense o, logic. Both alternatics , will be cxplorcd nu-
T.: 0.40 T, 1221 ,,erkally.
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Obviously, the simultaneous solution or Equations [ 19, d 0.0715(All, - R7) [301
21 and 23] is beyond anl algebraic manipulation, but it YiV, 213

is certain that an iterative computer program can be set
up to handle it. where AH. is the heat of sublimation of tht metal. rhis

Evaluation of E is the most difficult task, and also the is the same as y, for all cubic metals, but not for mercury,
most important in testing Model 11. Very few values are antimony, zinc, cadmium, or magnesium, which require
available in the literature, and Rowc vwas forced to com- special handling. Values for y, are listed by Grosse (19)
pare his experimental hears (or energies) of adsorption for the liquid metals; these must be multiplied by 1.14
with other authors' works of adhesion. These are not the to obtain y, for the solid, to correct for heat and volume
same, though the 40% or so difference ma)' be trivial change of fusion. A very interesting but less accurate
compared to other uncertainties. procedure is based on Rahinowicz' (20) observation that

The heat of adsorption is equal to the energy of ad- Y, is proportional to P. 113 , again excluding the above
hesion, and according to Philippoff (/6) anomalous metals. From this it may he deduced that

E = 12 -T dA 12 _(1 - Kl:.Q.. - 72TAd1  (4 A12 1 O(m t 3
-~/3) [1

where A12 is the work of adhesion, K,2 is a relationship where P. 2 is the hardness of the metal measured while
defined by it is submerged in the liquid. While this is dimensionally

unbalanced it offers a most convenient exp:rimental

K 12 = (A!. 12 (Y = Y7 12) [251 method for A,2, never explicitly published though im-
721 Y2 .plied by lirianaka (2/).

To obtain E, it is also necessary to have the entropy
and is numerically equal to cos 0 until it exceeds 1.000, (dA412/d'). Fortunately, this can be obtained front the
y, and y. the surface free energies of the solid and liqujid, relation cited by IDuga (22):
and -yl their intetrfacial free energy. Other dlefinitions are:

yd = dy l 7'i2 [2
Y2 -o Th [32]

Q2 "Wd 7  [26]

where yo is the surface free energy extrapolated to 00K.

1281 and [27], differentiating and substituting into 1241
T1he important diffkrence between this treatment and is cuitbersome but workable. T1he justification for Eqtia-

that used by many autiors is that K,.. is able to assiune tions 1291, f30], and [32] is unpublished but has been
values greater than 1. This avoids the usual trivial solu- verified for mercury.
tion A,2 = 2-Y2, which merely states that the joint will Ani alternative approach has been developed by Kara-
part between liquid layers rather than at the interl~itce. shaev (23), who uses the simpler formula
It should be noted that the Philijijofr equations do niot
provide a valuec of EFfront the values of y, and 7Y2 even A 2=B(c 13I)
when full wetting (K > 1.) exists. TFhus, a further immeas- A c +2 2)3
uremnent of KU 1 ' or y., is necessary.

A solution to the y,. problemn is advocated by Fowkes where cis the dielectric constant of the liquid and B is
(17), who sets ill) as his basic equation a constant depending only oin the electronic structutme of

the metal. A method for- caltulating Bt from the contact
YU= *VI + Y2 -- 2 Yli1 (281 potential is given by Ziluittkin (21), 1)ifferentiiig

Kluation 1331, siilil.% ing by the app~roximnation (-' > t
where y~ and1( 7.,d are tire suirftce.Ifree energies ofl solid and assuming that the( temiperature dependence of E is
and liqtuid (fill, to "dispiersion" forves alme, lHe tested this entirely dlie to them anal expansion,
aga imt interfacialI free energies between mercury andt
water , and( found need foir a correctioti Ijir polairity. There I 3 '

E = ( k)- 134is some question (if the validity off this apphroiachi, bilt it C+2 f
will bv used a% onell ailternative. It ii v'sjwiiallv taseful in

SModifiedl form uising Hiamisn's (13~) pata soltibility F ~uait.. 13:11 hai b~een Verified by Karashaev for six-.
lililtr.ill %-fill e cially puiiedt gallium at 20C'C as well its the anonialom

mercur y. and lte tisimits are ill aetrcol with 11hilipjpoll's
0.0715 I*1"td- + ,,*-) 1 291 prichictiomi (R)'). hlimncvcr, Eqlitatioi il] 11 .' a It

v~miw h' ' tldi kesses (xhwimn.Ii% ~ sothAt It omliq~
siha S aid ,imalthe ullotm tairasl1 to the( enterI"v oh' he itself with c.1116i11. 'Fhti. is pmobiai due it), nevglct ill

Vill) I "'1/1 i4 i li itl %o ili m b h 1111. '.- id i an pi o Hal it Ita ill H at ie (h-Il 1144-111 e (lit l wh k Ii pre miably t an
liWit trs'% ie~i'.t l I or ilhe gmietal% be Cct edN.
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Computation of a wear rate by Model IIA is somewhat constant for the a dsorpt ion-desorpt ion processes of both
complicated by the iterative procedure for 1A, and the species wh . will eventually result in 0 satisfying thc
necessity to decide between the two possible definitions Gibbs-Duhem requirement of minimium free energy in
of a = aa, or vr_ _ Another decision must be reached the system. This results in a special expression for x = 1,
on the use of Equation [341 to replace the more cumber- relating the wear rate to friction function ratio (IK'yd)
some Equations [24, 27, 28, and 321, or further develop- for a lubricant with concentration c of an additive, to
ment of the empirical Equation [311, to obtain E. Obvi- the same ratio (V/yd)b for the base fluid:
ously, such decisions must be made on a performance

basis, and Bayer's data (7) on eight metal combinations + (VC/T e
and one plast i/etal pair appears uitable for such test- yd ceBI RydI \ y(L) Y]
ing. Addaional testing might be based on using Equationb0I 1231 in comparison with MacGregor's tables of F (4). [371
Once these decisions are made, there is no shortage of
any of the required data, listed in Table 3, on a wide weeA steetoycag fteetr ytm

variety of surfaces and lubricants. For the case where x values arc not similar, Row-.e ran
into more difficulty in eliminating 0. This arose largely

TA3L 3-NUrDT O OE I because his goals included evaluating x from wear data.
TABL 3-NPU DAA FR MDELfixIf the approach shown under Model IIA is taken, this

fngineering Data: W, U, To, F*, rl. problem is minimized since x simply equals the c-'-ce root
L~ubri anr Mla ml, v, .1, c, of the ratio the molar voluines for additive and uase fluid.

Metals Data; Pn, y, B, W1.1, Ifins In addition, 1'0 becomes lit ratio o)f tmie critical tempera-
(i'wo, sets required) tures of the two species. When, as often happens, T, for

__________________________________________ the additive is not known, it can usu ally' be estimated by
*Redunddnt, for alternate paths. the L~yderson method as discussed in Reid and Sherwood

(25).
It is also quite possible to avoid these difficulties by

MODEL IIB precalculating the composition of the adsorbed layer at
Rowe also published (1/) the aphainof Model A equilibrium. Everett (26) provides means for doing this

tu the lubrl~picatio feaiit yFqqnvp- -hAc from activity coefficients, which can be derived from
to te lbriatin o ~rohie h paes nd ann ,.~A, solubility parammcter's as described by Prausnitz (27).

fa&lls outside the scope of this paper and so will not be Another approach is to apply the necessary x corrections
further discussed, to E quatiun 1371 and to evaluate the entropy change from

Equation 132] or [34]. Grozek (28) gives a procedure for
ANALYSIS OF MODEL IIC the direct determination of AE in a flow microcalorimeter.

Mode II %vs deignd oly fr pre iquis, nd 113 In any case, the tools are available to perform the
Mode hAwasdesgne ony fr pre iqudsandfIB necessary manipulation on binary or multicomipunent

for pure gases. T'hese limitations were i 'oved by devel- ytm.Tecoc fgig noMdlICwt orc
opment of the idea of temporary residence of both add i- stes. ore chI of n into Mode II C with gtoraver-

ltion for xas fli on ore intol suode in~ wit aweihtedaer
tiveiibimI and bs i on theprntethrae frin al ynamc age value of E~ would be largely one of convenience.

dt-fecbrium of th anfireaopie trest b the fationslefilm, Onte factor completely ignored in Model 11 is time fact
dt s f t e ae c uid a et ytet o seis that pure metals are rarely, if ever, encountered in lubri-

re'.pectivelycation engqineeringt. Trhis is not paruic'ularly hard to deal

IP k I# + Wwith in the case of solid-solution alloys. Buckley (214 has
I' kdP +(a P~m1IJ1351 shiowna that even I atonmic percent or less of aluiilluan

4 . alloyed in copper ur iron will diffise to the sinfat to

~ istheare frctin ocuped t rst y aditve, produce a highly enriched layer. TIhis is [lot ally spevifit:
vdiee 6i% ileare frctin ocupid a ret b aditie. r~iotion of alIuniinum but iiierelv the samer print ,iple that

Sice eitch or these dcvelops a film defect related it) its Causes soap to C0at tile Surface of water. It is crasmarmiotil
hemt isf ad'.urpition as in Equation 181, this beconies believed that Gibbs postulated vflfraelmon (if low energy

470Il1poflents ito the surfare, but this. is inut tile vase. This
--lI+ (L _A- si'r. ['36)~r ririm if)le lilemCrr state's that when-i the\- are brought to lte

1.0 U tosrac iyay prorms, timev will itend to ticflaimi there
becaumse their deplunkure would cauu.e an increae in free

%hit~ -it' is the differenc in heats of adsorption, x the etigv. a Secontd Law violation. Thme (;ibh" t'. 1 lt
"$if) oaf 1mteleulair aleas. 14 the ratio (if Oiblation timin. eqfuatioan incely ptedit-i% equilibirium. and the rate of
.\ fltm olet uhin mit of thle lmase fluid, anti lu it% % 'natiom attaining it is controlled bv rtvl~itiselv sluggish solid
litle diffusiosn.

It i% lwsw netint-,ry to evaluate 0, and Rowe dmnst Otte 'ibis raiss lte question o.f the tiie scale of Muitel IIC.
-1 she several piossible way's. tie wt up an equilibrium Whem two asperities imipart a% in Fig 2. there can be. two
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RELATrVF MOTION

UJURICANT LUBICANT

TIMEr is

TIME 2 0 Fig. I-The adhesive wear process-end.

Fil. 2-The adhesive wear proces-start.

different outcomes. Ether the film survives by elastic TABLE 4-TIME SCALE FOR FILMI RENEW~AL
deformation of the asperities (Fig. 4) or welding takcs
place (Fig. 3) with the generation of a hemi-ellipsoidal Conditions: Wear Rate Vld = 10 - CM3 I/CM
wear particle (Fig. 5). (The vertical scale in all these Surface Finish D = 3 X 10-6 cnm peak-to-peak
drawings is exaggerated by 5OX. The times indicated may Wear Scar tv = 0.02 cm diameter or width

be egadedas rbtray, houh fr he echnis th ~Hertz Diameter H =0.02 cmbe egade asaritrry thughfo th nechniin heSpeed U = 10 cm/sec
writer had in mind they are approximately milliseconds.) Path on Plate S = 20 cm
Assuming that even the survival case requires renewal of
the film (lue to pat ial rupture, we may calculate certain Ball Not Waring Ball Wearing
times on avs, reasonable set of parimeters. Table 4 11 v/ 0.00scI 2 D/2 002sc
shows a typicaIil case. TFhe "wearing" member' were ca[- t 002 set =- Id =-.02 e
c'.lated on the basis of time to wear a depth of PDt,'2rn laeNt ern
peak-to-peak (RMS ,/),ind the "non-wearing"1 memn - lt___rn laeNt ern

bers on Model IA. It is evident that the time for dlitluus~ M LI),- 202~
of additivr from solution is very limited for the "fixed U17 _____
spot" (ball) member, and quite generous for the "moving
spot" (plane) member, regardless of' where the wear is
taking place. %% lether the( time is sufficient for ncillic A pt member if they are to be effective. As far as the
diffusion on the "moving spot" member remains ito be writer knows, this principle has nevcr bven recognized
investigawcd. If it ia, such alloys can be hade simeoebttprlseeryesn oacpti svai ae
by calculating y, by the Shamn method (30). 5 HLmy 4 eorbtteei veyrao oce ta ai ae
be a mertal, or somfetimnes a abdec ~ both on its derivation anid on practical experience. Onl

carbide, this basis, _%E must he calkla~ted for thle -moving pt
Table 4 repre-sents an example of the sort of new mebr supofrth"ude'mmer b sei qa

information that ari'.es fronm this tvpe of analysis. Ncithel mebr u-t o i( idpmme.fruei qa
Modl InorII lon wold eadto he alubleconlu. tion 137]. A mote rigorous solution in ternis of (I and n,Mode I or 1 alne wuldleadto ll(-valableConlu. may be justifiable in% the futur'.

sion that additives nit t be tatilored it) fit the "moving Model 11 niava.lso be uweful in predictinR the transit ion

point at Y' in Fig. 1, hlw reason of the rapid rise of the
double exponenttial itt Lquation 11 81. w, pointed out b%
Kingsbury (,I/) whose eal ly work led to Model JIA. I IV
wlent so far. as to set up aii tiluatioti for this; "eharactrrist it

SELASTIC O(FOA0MIOW10 101ttperatture.

AIt.

M~g. 3-The adhesive woo.w lieeess-weNisg end mWeqe. whicht definc's lte eugalitits fo~r a nisitmum tin dL.
While thi\ model fite, foist pitwr at vertical litw tiaii'a-
tiots as shossli is, Vig. I. thle Itter niut be irtgatded .1,
scbematkli. DA-1 III thle Y fegills scatter4 Vatmufl Its fit .1
vetT stel %igniniti cuosr s'sualiv wvsll.

- A~1W ~ ~ ~In coltelusifi,. it (.II n ,lid dila~ N1I.I 11 i.lst tbl IIIf
I'll l P V11 t" lte %,.littl arvii of rmest ilde -minac .,e ctts I. Ill,

predictioln of hilitaba esatI'sc list 111w.11i c. ( )lviolla.Is ile

gvonaietes( MilliwbI I e.,s 1w puat intoe it %s11 ith % 11111itt.
difi ltl.1 I Itt' s tili 1.liftsc a 4h'aIL:I pre t-441:1as 1 %%fi Ill'
additimial i-al i sa nIt. ILlabl .'a. I hIm lu h4,1 shu11 lilt,

Pg4-Smocsshti b..ikr " uttq pictuir is %%ill Inle~~i 411m is , t1iluI NItadel1 1II.
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TADZ.E 5-ADDITIONAL INPUT DATA FOR Tao was able to use this equation to compute clear-

COMPLETE MODEL 11 ances, and obtained quite plausible values based on wear
_______________________________________ rates in air by neglecting the exponential term and sub-

Engineering Data: '~p , r 4, El, E21 P1. Y? stituting a value of W from a run of known duration.

Addtive Data: MA V., ad, a,, Y', Te. This was based on the fact that the exponential becomes
negligibly small as the concentration of oxygen in the oil
leaving the action zone approaches zero. With this sim-

BASK$ Of MODEL IlIIitctin

Neither of the models considered so far in this study u,3 - H3~ = .082pi COWU 1401Ihave really come to grips with the irreversible chemical
reactions which are known to take place at wearing sur- The value of C0 was shown to be a function of the
faces. let alone those that are merely suspected. These may oxygen partial pressure (p), the density of the lubricantIbe put into three groups-corrosion of the metals by the at 60*F (p,) and other factors as defined above, by the
atmosphere, reactions of the additives with the metals writer (33).
(and their corrosion products) and polymerization of theIlubricant, with the metal as a catalyst. The general nature CO=3.00 p p(O.980 - p0 ) [.04 1 (T7 - 700'
of these competitive phersomena is illustrated in Figure C0  T
6. Truly, lubrication can be described as "a very intense TI e~P %'

process in a very small reactor," to quote Dr. David +53A 11
-*Tabor. 

/ .4)[1

No equations were set up to handle humidity as it
appeared that air of > 507 R11 would provide an ade-

Lugmc~ilquate supply of H.0O to kcep the reaction supplied. Tao
~I~W demonstrated in fact, that Eguntinn [101 wvas wily ill
,a~wv-error by about 107c regardless of the humidity.
MIU SPAOMs A tentative dependence of it on the "compliance", a

complex term involving It' and D, was demonstrated but
*LL@VWthe rrla14,oth;-. t- NA,r! !P~ can,. br r..LIb:-.cz,

iW PU-Iffm P11=11 out a good deal more work.
Obviously, this is only a partial model, as Equation

Fig. 6-Tb. pos-wow proemu. 1401 would inidic-ate that no wear takes place at C = l

This is not true, as shown in subsequent work by the same

ANALSIS F MDEL IIAgroup (2) with argon. However, no attempt was made
ANALSIS F MDEL ilAthen to incorporate this observation into Model IIll..

Only a few papers seem to have taken up the mathe- A very recent paper by Schatarberg (34) krc to sonte
matcif orrsie earbyoxgenadohuityTo comments by Tao and the sstiter which atitit be con-

(32) has made a fairly detailed study, based un the diffu. sidered to conisltitte an extensiori to inert atmotpheres.
sion rate of oxygen through h),irocarbons. He started The observatioil was that the dry argon had a low but
with ;ie basic differential equations for twou-dimensional measurable -Aear rate, consistent with (Q) lScarberg
steady-state diffusion, and some simplifying assumptions reduced all of his wear rate% to the forts.
about the hall-on-cylinder apparatus. 17hese included
-mooth surfaces a uniform clearance (J). fresh oil salu- log IV = Mn log (+ C- 142)
rated with oxygen and humidity brought in by viscous
d~raq. intaasneou% reaction of the . irface followed by where C" ix a constant for Anyv given system. Ile %sau
atninediate removal of the ecQ)OlI). and wrar only at somewhat sutpriscd to ind thAt oesIv Gba.r of hii simte

lte uppcr (ball) surface. Ftrom thesw on rigenvilue and cases, fit tiw pitortn rf Frfsatit 1161 whichi Feim t 1J;
eigenfunction problem was built up and solved a.s had shown ts, be equi Ivaletit to FEquation II 12 ith

0=0.25. Iiight of' the cay-, shoucd mn = 0 to 0I 10
7-f- -four showedvit = 01.16 to O.l1it ad 'tur sho'%,rd tn = 0.j.)

1.644*p uI - 1.08 exp (-3.718 A7~ ) too.29 Tltw renlts sr-m tll be stionitv tIdated tn 1to
of hayer (7). since I. i% psopoatimnal to 1. Allcwititt for

1391 the diffrenrce in gronittryv hat tovolt'tr~ s he
4-ball miat hitifot Jot 6- t:tijon I ill Iss ot %rt Its

WsheIi, lit e tine. . the initial wtvtt-a oietti. intcNsfrate., it scetst itr. ostls thst hit d-Atw [All into
I . the awal" .111 flow veocitv. p the oil de-n-ity. 11 thc two modes neat Ilsvet',' jstriliteotss of m = 0.118i for
Iertat cot-oact diameter, n,' the %car widthi sn the bai low-tratnafcr 'AV-At Atsd Ms tI2]ill ror h$ih It.1tssfr, 'soar
ttne.isWjrl fassrel fit the r)linder ai)Athe nIAtS diffu- of the ball. Bayeri alsok irliortil 0 1 that os fist% cwssshna.

f anti C the sliting velvicity. tinut' immned io hjs-r -tot unstabl. motie Avith m taLing
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intermediate values. Schatzberg's low values were associ- (841 - P2)2 + 0 25(5, -

ated with dry oxygen and argon, and his high ones with RTo
wet oxygen. Thus, the "Archard Wear Law" of Equation + 0.25(Sm, - 12)2 < - [441
f16] may need to be generalized to the form V.

.= k,,,y Wd40 where S. t is the hydrogen bonding parameter of the soap,
[43] S8.2 that of the base fluid and the other variables are as

previously defined under Model 1A. This method will
where m will vary with the atmosphere in two or three require more work, especially since S. and S. for soaps
steps. are not so eaily calculated as for polymers, but it does

So far, all the tests of Model IliA have involved 52100 offer design possibilities. It also has the complication that
steel. The possibility of a mathematical basis for extend- it leads back to Model 11C, since the soaps are still
ing this to other metals and alloys is implied by Fowle ':dditives" and must be treated according to their E
(36), He studied the ratios of oxides formed on alloys and values on the metals.
found that I,- fraction coated with each oxide w i more
closely related to tile free energy of formation of the oxide ANALYSIS OF MODEL IIIC
than to the composition of the alloy. rhis may not be
helpful, as raes of oxide ftration are not readily pre- - friction polymer" concept is a relatively new one,
dictable fiom these free energies according to Kubaschew- a.. still far from computable. It wasso named in 1958,
ski (37). Also, in all of Fowle's live examples, the Gibbs- but ein (43) was the first to put it into general use. The
Duhem principle citd at tle end of Midel I(. would genera! nature of the reaction seems to be clear' it consists.
have predicttdi similar oxideh ratios. However, the possi- of thc highly energetic surface of the metal, made even
bility of extending Equation 1431 to other metals is very more active by recent abrasion, acting as a catalyst in
real. the decomposition of the base fluid. Tie fragments then

While Tao assumt'd for model purposs that the corro- recombine, with atmospheric oxygen if available (more
sion product was removed as fast as fvrmed, this is not slowly without it) to form a low molecular weight poly-
r,, the case. As a rc.uIL, 140kt i!l be a ited or surface mer. or oligomer by the usual standards of polymer
free energies of such ctnipmiunds in tle solid state. l)uga chemistry. Chemical analyses of the product are rare and

P 2 ) has made an exhaustive study of these nate ials and incomplete, but Fein found that it showed ketone and
his results can be aeDlied to a hybrid Model IlI-IIIA. ester groups. and even (when nitroven was available)
Be~i &ssg and /isntail ) have studied metal surfaks pol. amides in the infrared silectra. This phenomenon has the

ished under water with what may he presulted to he all possibility of explaining surme of the anomalies not han.
1 oxide-hydroxide-%\ater filtit lft on thenin. The data are died by any other model (44) and also may shed light

quantiatiscly suitable for insertion into Equation 1241.  in sne modek of bating failure, outside the scope of
Studi (.'M- has studird the displaven't of one additive this study, due to "lacquer" etc.quv another this (-.Jit be expnaitte(t by Model IfC, but Fein had little to offer in the line of a tmathematical

may involve IlA toinepts tooipltet it as Anderto 4il1)) model, B)ond (43. 46). u ho has cnne much pioneer %vo k
.fhows similar dislifau'enaent I)y hutnidit., in clarifying the rank of tuetals as catalysts. has not been

'lhe c1nrpt of .dditives l~otitt ,ovalent tololunds able to provide 4uantitaivt prediction methods. This is
- jwith the meta! utfats is t least is old as that of treseix- partly ht au.e the mtals do nut rank in quite the samte
-4 1b h adNtrptiot (1 ). I lowevenr, tit acinatical model haI order for difleremt reactions. For cxaitple, in hydrogen

b1wroei sgested up twt now. "lh cartt approach has Iwen thetisrption cnrtg. they rank .s ,
that -of Krthux41 Iluha de41%% sthoat thot sut1. lilts tan
Ie etarstwed by the sulvt ation if the baw, lhid This I' > Ta > Nit, > Fe = Ni > Pd > KR

h.d alwavs bretit it u,, atinwtat hur teversable aits .si-
,tiot. as it wa, hard to expfai ho t [ ileint fil. -Aldp- while for eheitimrption of ethylente they tank

ever fail. II l ever. Krrul did not laty his ork it 1 I .s- > Pd > We, 0i. NO = Rh > Ru = Oi > Cu

hgical ontlusion 1-- applving the I lih ebrall th-ry of
regular swaliti-st I 1.'i. lI k 1.1 l I. v l l rauw Kirut, Both rt ers follow rathtr cIo ly that of the mrfacic feI'e
found quitr sharpluhilion " temlwrzurrs for ht 'rn (-6. ( I , , usly. the namuns- of the base fluid
•UMlt filmt, l hichd srr .t-tiliallv tk'twcndCet uf t"It. make% a Wreat difterrtr. and I.sbr has f(tld (47) that

I't-rtratin. tn fast. they foillff iw r-I.iln.l ts tile talsutmhl even Oe ppe will tafidhlv ptll)nsetir ditwlhylsilit w.
p int at V in Fig I Such Iwl-i io as not plt n-ticlit I tit (481 ptrltvtrd thal the ot'det of astis it) of h dro.
the I hlf ,aild th,, ea .c l .u'r it Cs4t 4nly ito I .aauda,n (artisan VkoulM teid its be:
hIt .- and the laula u ir tl 1.ajiit 1#t isla ail dts l -.rn
hl in. l'r-d ,, a its l of the rhai t I- 1 -t illS I uklint i.l , ratls'in P nai ohthc's

, l u .,' .t i .I l ar , i starll i f a . .|tuh f .t ., , I. Ih h t t ' -h u i t a " * a r o , i a t t > W 0 4 4i1h na

il lh r hlatlh sh Arn s lml l l sl hrn te 40 1 1 1 a l ot t i l f the
%.fll i% %eu large %lh retslm I it tht sia tie h m, ftlsid. lhw ork si the .talssi l lswi .is isb e sara
I gsuilatr%. and entav nto ora-t-l t futll rnten o4 the jrssb-
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TALE 6-PREDICTIONS OF SCORING RESISTANCE ON IRON

MISIB81 1-',
' 

Y-UMvPElATI-RI

RATING FaOM LIrERATtRE EQUATIOn (V - IV) (48
AT. -

No. MET. CavsTr. (54) (54') (55) (550) deg K SuccLss

4 Be HCP Very Poor - - - g 10 +

12 Mg HCP Poor - Good' Good/Fair 10873 f

13 A] FOC Poor Poor - 2010 t

14 Si DIA Very Poor - - - 1976 -

20 Ca FCC Very Poor - - - 24531 -

22 Ti HCP Very Poor - - Fair 1141 _'

24 Cr BCC Very Poor - Good - 146

26 Fe BCC Very Poor - -- 0 +

27 Co HCP Very Poor Poor - - 139 +

28 Ni FCC Very Poor - Poor - 84 +
29 Cu FCC Fair/Poor Poor -- Poor 179 +

30 Zn HCP Poor Poor Fair Fair 7004 =c

32 Ge DIA Good ..- 4370 +

40 Zr HCP Very Poor - Poor Fair 1281 -

41 Cb(Nb) BCC Very Poor - - - 216 +

42 Mo BCC Very Poor ..- 246 +

45 Rh FCC Very Poor - - - 275 +

46 Pd i'fc Very Poor - - - 450 +

47 Ag FCC Good - Fair Good 25% 96

48 Cd HCP Good/Fair Good Goodo Fair 12170 :-t

49 In FCC Good - - - 8246 +

50 Sn DIA Good - - - 6967 +

51 Sb LAM Good - - - 10639 +

5b Ba ow - -- 3m% -

58 C HCP Very Poor ... I - f

73 Ta BCC \en P.xr - Fair - 808 :

74 W aC Poor - Fair - 1609 :t

77 Ir FC Very Poor .... 950 +

78 pt FCC \cr Poor .. 32 +

79 Au FCC Wkry Poor 12.. 12 14
8! i ICP Good .... 14101 +

82 Pb FM: Good - Goode Good Fai I1742

83 so LAM God -- Fair - I i'qI.
40 Th CC Very Poor .. 42.16 -

92 U sC Wt) Poor ..... . 71% +

& A ( amtwg Cb.ak VIA m Mamand bntu e
a I|tt (tWt bW L4AEIA LM a tl* m~r sltwet &IV tote

I KT a I It aUnaw 6 Piked

1",) 5-Vm4 apOMtt 1045 atrIi 44.0fln hetUw, hibrurar
ISPj Si.*hft-twr uisww *t jct 53. aaix toeft'-rt oft bw too" wn %,U %aui
111) Scat apA ,a,4t a *it are,4 hebim

t~I %.Iifilm tUcovwft, lewd ou n &s# and m nu stW nswK or tw

- a leautirh - lu hulut nn-
4- a (min b C~( d (ruf m i o a 13:nd data



TABLE 7-PREDICTION OF SCORING RESISTANCE

MMIB[Latrry TEMPERATURE

RATING mRom LITERATUREE EQUATION (V - 1) (48)

METAL PRiR CRYSTAL (5)(55) (55*) deg K SUCCasa

Al-Zn FCC-HCP Poor - Fair 1879
Co-Cu HCP-FCC Poor - -622 +

Al-Co FCC-HlCP Poor - -3214 _

Cu-Cd FCC-I-ICP Poor - Poor 9706 _

Cu-Zn FCC-H-CP Poor - Poor/Fair 4867 _

Sb-Zn LAM-1HCP Poor - - 3 +c

Al-Cd FCC-LICP Good - - 4771 +

Bi-Cd LA.M-IICP Good - -36 -c

Cd-Zn HCP-IICP Good -- 459 _

Bi-Zn LAM-HCP Good -- 383 _

Cu-Ni FCC-FCC -Poor -498 +-
Cr-Mo BCC-BCC -Poor 825 +
Ti-Zn HCP-I-ICP -Poor 0 +

Ag-Cu FCC-FCC -Poor Fair 1334 t

Cr-Nj BCC- FCC -- Poor -444 +
AI-W FCC- BCC -Poor -8526 -

Cu-Sn FCC-DIA - Goodu - 4583 +
Ni-Sn FCC-DIA - Fair -8580 -

Al-Zn FCC-I1CP -Poor Fair 188 _t

Ag-Ta FCC-IICC - Good -7720 +
Cu-Mo FCC-IICC -Very Good - 903-
Ag-Cr FCC-BCC - Fair/Good -- 1487
Cu-Ta FCC-I3CC -Good 1898
Al-Ph FCl-.C'.C C 3,- d 4G49
Cu-W FCC- BCC -Good 2986-
Cu-P'b FCC-FCC -Poor 8527 -

Cu-Ti FCC41-CP - -Poor/Fair 367+
Al-Cu FCC-FCC -- Poor 948 +
Cu-Mg FCC-1-!Cp- Poor 7933 - r

Pb-Ti FCC-IICP --- Fair 6353 - c

Zn-Zr IHcP-IICP - -Poor 3636 - c

TIi-Zn IHCP-IICP -Fair 3210 + c
Ag-Zn FCC-11CP - Fair 1401 -c

Ag-Al FCC-FCC -Poor 41 +
Al-Mg FCC-IICP - Poor 3806 _
Al-Tri FCC-IICP -Fair/Poor 166 +
Al-Ni F-IC Fair 2901 +
Ag-Cu FC-C .Poor 1335 +
Ag-Ti FC-IP- -Fair 378 -c

Ag-Zr F.CC-I ICP - Cood - 430 - c

Cd- Nig HCP-IICp 1-0a 84+v
Cd-T'Ii WICP-IICP -- Poor 7062 -c

Cd-Zr IJCP-ll(:P - Good 8095 +

Mg-Ti IICP.1l(!P- Poor 5897 -c

Ag -%,Ig I/C;2 K- Fair 3056 +

Sce- I'thl VI lis svinb..i and wiItes.
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lem. Wear spots, such as shown in Fig. 6, are freshly less than ?, scoring will take place. The results of these
abraded and emit elcctrons almost as if they were radio- predictions are shown in Tables 6 and 7. The success
active. Polymerization by electrical discharge has been ratings had to allow for the results from the laboratories
studied by Bradley (49), who ranked some hydrocarbons: containing contradictiot.i, par of which may have been

caused by the lack of a clear definition of "scoring". The
styrene > naphthalene > toluene > ethylene writer attempted to bring the data to a common basis,

> hexamethylbenzene > propane in which "rough", "abraded", etc., were converted to
"poor" scoring resistance, "smooth" or low wear rates to

which again point up the uncertainties. "good", and intermediate descriptions to "fair". Where
One factor not previously considered is the effect of data in helium was available, it was given preference over

pressure on polymerization. Weale (50) gives an equation that in air or in air-saturated kerosene. All hexagonal
which is adaptable as follows: (HCP) mttals were excluded from the ratings; as shown

by Buckley (56), these, follow different rules than the
qAV. 1 common cubic metals. The criteria of success were based

In(k/k°) = VRT, [45] on an arbitrary choice of Poor = 0-2000°K, Fair

= 2000-40000 K, Good = 4000+ *K. These unrealistic

where k and k0 are the rate constants at q0 pressure and temperatures result from their being based on complete

at one atmosphere- respectively, and AV,,/Vm is the frac- miscibility at about 50/50% by volume. Future programs

tional change in volume on polymerization. This predicts should be keyed to the fully developed version of Equa-
for a typical reaction in ' ich A V,/ Vm = 0.20, an accel- tion [46], where this can be set at 5/95 or 10/90. As
eration of approximately 10,000 fold under q0 = 20,000 pointed out by Hildebrand (42), perfect success is unlikely
atmospheres. due to intermetallic compound formation and also to

Regardless of the lack of consistent data and of a crystalline transitions of some metals at elevated temper-
complete mathematical model, this line of attack looks atures.
very promising. The term "surface resin" for the material
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F-Mechanical and lubrication engineers 
picture solid-solid contact 

as taking

place only on the tips of the higher asperities 
of each surface, so that the contact

load is borne only on a very small portion of the total surface area and all

frictional heat is generated and absorbed in hs small area. The size and number

of the individual asperity Junctions is i. general not known; but 
averages are known,

* and it appears that asperity heights and spatial frequencies 
are described

reasonably well by Gaussian statistics. This should make it possible to calculate

frictional hot-spot temperatures 
and distributions on an explosive 

surface, given

some laboratory measurements of factors such 
as coefficients of frictior. frictional

work expended and surface characteristics. 
With hot-spot statistics available, the

probability of explosion 
can be calculated by available, 

published methods.

A coordinated theoretical 
and emprica research program is proposed to

apply the above engineering 
and mathematical concepts 

to explosives. The results

should facilitate the identification 
of basic mechanical processes 

(such as metal-

metal friction, or the viscous 
or plastic shear of explosives) 

shich do and do not

generate explosion hazards. 
This in turn will aid the design 

of more valid

laboratory friction sensitivity 
testers and the design 

of safer explosive processing
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